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RESULTS OF 486 PULL-OUT AND 5
BEAM TESTS ARE REPORTED AND INTER-
PRETED TO PRESENT A BASIC UNDERSTAND-
ING OF THE NATURE OF BOND BETWEEN
STRAND AND CONCRETE AND TO DEVELOP
AN EXPRESSION FOR DETERMINING THE
ANCHORAGE LENGTH OF PRESTRESSING
STRAND.
THE VARIABLES INVESTIGATED WERE
STRAND DIAMETER, CONCRETE STRENGTH,
SHRINKAGE, SETTLEMENT OF CONCRETE,
CONFINING PRESSURE, AND TIME.
DESIGN RECOMMENDATIONS ARE
PRESENTED IN CHAPTER 14 WHICH CAN BE
STUDIED INDEPENDENTLY OF THE REST OF
THE REPORT.
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I. INTRODUCTION
1.1 OBJECT AND SCOPE
The investigation described in
this report provides a fundamental
understanding of the bond character-
istics of prestressing strand as af-
fected by various critical variables.
The scope of the investigation is
divided into four parts:
(A) The experimental study in-
cluded 486 tests of simple pull-out
specimens with short embedment lengths.
The tests provide the basic informa-
tion on the relationship between bond
force and slip. The major variables
investigated were: size of strand,
strength, consistency, curing condi-
tions, age, and settlement conditions
of concrete, lateral confining pres-
sure, and time effects.
Some tests with plain wire and
twisted square bars studied the in-
fluence of steel surface and torsional
stiffness on bond of strand.
(B) The object of the theoret-
ical investigation was to develop a
hypothesis on the nature of bond for
plain wire and strand. A simple con-
ceptual model was designed to ex-
plain the fundamental bond character-
istics of strand.
(C) An important aspect of the
investigation was the question of the
results from pull-out tests and their
direct applicability to the design of
prestressed members. A simple analyt-
ical procedure is discussed to pro-
ject the results of the short-length
pull-out tests to practical problems
such as calculating the anchorage
length of strand in a prestressed
beam for a given prestress. The re-
sults from the analytical method are
compared with data from tests on five
pretensioned, prestressed beams and
several pull-out tests with large em-
bedment lengths.
(D) Practical recommendations
related to the bond strength of pre-
stressing strand are given for design
purposes.
1.2 STRAND AS PRESTRESSING REINFORCE-
MENT
Seven-wire strand is manufactured
by "stranding" hard-drawn or non-stress-
relieved wire. The head of the strand-
ing machine preforms the six exterior
wires permanently and lays them around
a straight center wire. This pre-
forming process makes it possible to
unravel strand and put it back to-
gether without difficulty.
After stranding, the strand is
stress-relieved in a carefully con-
trolled time-temperature operation.
This is achieved mostly by an elec-
trical induction process at temper-
atures on the order of 6500 Fahren-
he it.
Prestressing strand differs from
ordinary seven-wire strand in that
the center wire has a slightly larger
diameter than the exterior wires.
This ensures that the straight center
wire does not slip under stress, with
respect to the exterior wires. The
center wire is held in place only
through pressure exerted by the ex-
terior wires which tend to straighten
themselves when stretched, and thus
subject the center wire to lateral
forces. The manufacturers found
slipping could be prevented by an
increase of the diameter of the center
wire by four percent with respect to
that of the exterior wires. The
larger size of the center wire creates
spaces between the exterior wires,
enabling concrete matrix to fill the
spaces between the individual wires
(Figure 1.1).
The pitch of seven-wire strand
is usually between 12 to 16 times
the nominal diameter. The modulus
of elasticity is approximately 28 x
10 psi. Seven-wire strand is avail-
able in two grades: (a) ASTM Grade
(A416) with a minimum tensile strength
of 250 ksi and (b) Grade 270 K with
a minimum tensile strength of 270
ksi.
*Superscript numbers in parentheses
refer to entries in References,
Chapter XVII.
At the beginning of the develop-
ment of prestressing strand, use was
limited to strands of small diameters
(1/4 in., 3/8 in.). Following the
trend to transfer more prestressing
force to the concrete by means of
fewer tendons, larger strand sizes
have been developed (7/16, 1/2, 6/10
in.). Recently, some exploratory
tests with deformed (dimpled) seven-
wire strand reported(1) results
which indicate improved bond prop-
erties when compared with those of
conventional seven-wire strand.
1.3 PREVIOUS INVESTIGATIONS OF BOND
CHARACTERISTICS OF PRESTRESSING STRAND
The following section presents
a brief description of investigations
related to bond of strand which were
conducted at various laboratories.
Most of the studies were performed by
measuring, in one way or another, the
anchorage length or the flexural bond
strength in prestressed beams.
(A) In order to provide infor-
mation on the bond characteristics of
prestressing strand, Debly(2) con-
ducted a series of tests involving
four prestressed beams, each rein-
forced with two 7/16-in. strands.
Anchorage length was determined by
measuring the concrete strain at the
level of the reinforcement. After
release, for an effective prestress
ranging from 148 to 167 ksi, the
anchorage length was found to vary
from 24 to 32 inches. The higher
values were obtained for a larger
concrete cover under the strand.
(B) Base( 3 )  reported an ex-
tensive investigation of the different
anchorage lengths developed by various
prestressing steels in practice. The
anchorage length was found by mea-
suring the concrete strain along the
reinforcement. Measurements were
taken on beams produced in prestres-
sing plants throughout England. The
investigation included plain wire,
indented wire, crimped wire, and
5/16-in. strand. The anchorage
length of 5/16-in. strand was found
to vary from 9 to 19 inches. The
prestressing force was not reported.
The effect of time on the anchorage
length of 0.2-in. wire was studied
in laboratory tests.
(C) Ratz, Holmjanski, and
Kolner 4( conducted tests on approx-
imately 200 concentrically prestressed
concrete prisms to study the effect
of the concrete strength on the an-
chorage length of various deformed
wires and 7 x 1.6-mm strand (0.19-
in. strand). Bond was found to be a
direct function of the concrete
strength for any type of wire and
strand. On the basis of a direct
relationship between tension in the
steel and displacement within the
anchorage zone, a formula was devel-
oped to compute the slip of the steel
at any point within the anchorage
zone.
In most of the tests, only the
end-slip of the wire or strand was
measured. The anchorage length was
determined by an analysis based on
the end-slip. The results indicated
that the anchorage length of a strand
prestressed to approximately 170 ksi
varied from 5 to 19 in. with a con-
crete strength varying from 6,000 to
2,400 psi.
(D) Dinsmore, Deutsch, and
Montemayor (5) performed 42 prestres-
sed pull-out tests and four prestres-
sed-beam tests in order to study the
anchorage lengths required to transfer
the prestressing force and develop
the strength of clean 7/1 6 -in. strand.
The test results varied over a wide
range. The anchorage length necessary
to transfer the prestress (effective
prestress after release is 138 to 166
ksi) ranged from 9 to 36 inches. The
variation of the results was attribut-
ed partly to the degree of concrete
vibration. An anchorage length of
4 ft (110 diameters) was sufficient
to develop the strength of the strand.
(E) Rusch and Rehm (6) carried
out an extensive investigation to
determine the anchorage length of 16
different types of prestressing steel
using concentrically prestressed con-
crete beams. Three beams were rein-
forced with 7x3-mm strand (0.35-in.
strand). The anchorage length was
based on strain measurements along
the reinforcement in the concrete.
Results indicated that, in gen-
eral , an increase of the concrete
strength led to a decrease of the
anchorage length. After transfer
of the prestressing force, the an-
chorage varied from 26 in. to 34 in.,
depending on the concrete strength
and the type of stress release. The
type of prestressing force release
was found to cause a significant dif-
ference in the anchorage length. The
effect of time on the anchorage length
was studied over a period of six
months.
(F) Kaar, LaFraugh, and Mass(7)
investigated the influence of the con-
crete strength on the anchorage length
of seven-wire strand by testing 36
rectangular concrete prisms. The
tests included 1/4, 3/8, 1/2, and
6/10-in. strand. Anchorage length
was determined from concrete strain
measurements.
The test results indicated that
concrete strength, varying from 1,660
to 5,500 psi, had little influence
on the anchorage length of strands
up to a 1/2-in. diameter. The in-
crease of the anchorage length with
a time period of one year was found
to be, in general, less than 10 per-
cent.
(G) Preston reported a com-
parative investigation of the an-
chorage length of clean 1/2-in. strand
with tensile strength of 250 and 270
ksi and 1/2-in. strand with a rusted
surface.
Results indicated that the bond
characteristics were almost identical
for the two types of strand. The
corrosion of the steel surface lead
to a 25 percent reduction of the
anchorage length.
(H) Hanson and Hulsbos (
studied the load capacity of preten-
sioned, prestressed concrete I-beams
with web reinforcement. In the course
of this investigation including 18
beams, the anchorage length of 7/16-
in. strand prestressed to approxi-
mately 155 ksi was approximately 18
inches.
(I) Over and Au(10) investi-
gated the influence of the strand
size on anchorage length with the
aid of six square, concrete prisms
prestressed concentrically with 1/4,
3/8, and 1/2-in. strand. Anchorage
length was observed to increase with
the strand diameter.
(J) Hanson(1) studied the in-
fluence of surface roughness on an-
chorage bond and flexural bond
strength in 12 prestressed beams using
7/16-in. and 1/2-in. strand. The sur-
face con.ditions tested were: clean
as received, partially rusty, and
rusty. Specially deformed (dimpled)
strand was included in the investiga-
t ion.
Hanson found that there is a 30
percent improvement in the anchorage
length when using rusted strand. The
deformed strand showed a similar im-
provement over the clean as received
strand. Similarly, the flexural bond
strength of the beams containing
rusted or deformed strand was higher
than that for clean strand. Test
data and numerical results from the
investigations concerning the anchor-
age length of clean seven-wire strand
are summarized in Table F.4.
II. OUTLINE OF EXPERIMENTAL INVESTIGATION
The experimental program in-
cluded 486 simple pull-out tests and
five prestressed-beam tests. The
specimens were reinforced with seven-
wire, round-wire strand (nominal dia-
meter: 0.084, 0.130, 0.147, and
0.171 in.), and twisted square bars
(width: 5/16 in.).
The pull-out specimens consisted
of 4 by 4 by 9-in. concrete prisms
with the steel embedded in the center
of the specimen, parallel to the
longer side. In 433 specimens, the
bonded length was only one inch. In
the remaining specimens, the bonded
length was varied from 0.5 to 20
inches. The test was discontinued
when the bond force and the slip were
measured at a slip of 0.15 inches.
The pull-out tests were performed in
a series containing 4 to 17 specimens
cast from the same batch of concrete.
The properties of each test series
are listed in Table B. through B.4.
The range of the variables investi-
gated is given below:
Seven-wire strand:
Effect of bonded length:
Variation: 0.5 to 2.0 in.
1/4-in. strand 12 tests
3/8-in. strand 12 tests
7/16-in. strand 12 tests
1/2-in. strand 12 tests
Variation: 1.0 to 20.0 in.
7/1 6 -in. strand 22 tests
Effect of test setup:
Variation: rotational re-
straint of strand vs. concrete
7/16-in. strand 9 tests
Effect of strand diameter and
concrete strength:
Variation: strand diameter:
1/4 to 1/2 in.; concrete
strength: 2,300 to 7,600 psi
1/4-in. strand 36 tests
3/8-in. strand 36 tests
7/1 6 -in. strand 36 tests
1/2-in. strand 36 tests
Effect of curing conditions:
Variation: moist to dry, two
concrete strengths
7/1 6 -in. strand 18 tests
Effect of concrete consistency:
Variation: 0.2 to 7.5-in.
sl ump
7/16-in. strand 25 tests
Effect of depth of concrete be-
low strand:
Variation: 2 to 30 in.
7/1 6 -in. strand 30 tests
Effect of lateral pressure:
Variation: 0 to 2,500 psi,
two concrete strengths
7/16-in. strand 35 tests
Effect of time:
Variation: age of concrete
at test: I to 64 weeks
7/16-in. strand 17 tests
Variation: duration of sus-
tained load: 1 to 64 weeks
7/1 6 -in. strand 20 tests
Plain wire:
Effect of wire diameter and con-
crete strength:
Variation: diameter: 0.084
to 0.171 in.; concrete
strength: 2,200 to 8,300 psi
d = 0.084 in. 9 tests
d = 0.130 in. 9 tests
d = 0.147 in. 9 tests
d = 0.171 in. 9 tests
Effect of curing conditions:
Variation: moist to dry
d = 0.147 in. 6 tests
Effect of lateral pressure:
Variation: 0 to 2,000 psi,
two concrete strengths
d = 0.147 in. 26 tests
Square Bars:
Effect of twist angle:
Variation: 0 to 46 degrees,
two test setups
d = 5/16 in. 17 tests
The five pretensioned, pre-
stressed beams were 9 ft long and had
a 6 by 12 in. cross section. They
were reinforced with two 7/16-in.
strands. The concrete strength was
approximately 5,600 psi. The pre-
stress immediately before release
was on the average 167 ksi.
The only variable included was
the depth of the concrete below the
strand. In three beams, the strand
was placed 2 inches from the bottom
of the beam as cast. In two beams,
the strand was placed 2 inches from
the top.
The anchorage length of the
strand, which was determined by
measuring the concrete strain distri-
bution along the beam, was measured
immediately after release of the
prestress and after periods of 1, 6,
15 and 35 days.
III. DETERMINATION OF BONDED LENGTH AND
SUPPORT CONDITIONS FOR THE TEST SPECIMEN
3.1 GENERAL REMARKS
It is virtually impossible to
devise a single type of test specimen,
and test it under such conditions
that the results would be applicable
to all bond conditions in practice.
In general, bond exists under a wide
variety of stress combinations where
concrete and steel are stressed di-
versely in different directions.
In prestressed, reinforced con-
crete, the information sought is in
a narrower range. The primary inter-
est is in anchorage bond with the
concrete compressed in a direction
parallel to the steel which is in
tension. Flexural bond becomes crit-
ical as the ultimate load is approach-
ed in flexural members. In that case,
both the concrete and the steel are
in a state of tension. In addition
to stresses parallel to the rein-
forcement, the concrete may be sub-
jected to both tensile and compres-
sive stresses caused by loads, re-
action forces, or transverse pre-
stressing.
Since the objective of this in-
vestigation was not to provide data
applicable to specific bond condi-
tions but to develop an understanding
of the nature of bond and to study
the effect of many variables, the
test specimen had to be simple both
for manufacture and for analysis.
Pull-out tests fit these requirements
better than beam tests. With a short
bonded length, the maximum forces in
the specimen could be kept low. The
overall stresses in the concrete and
the lateral elastic deformations of
the steel, due to axial stresses,
were kept to a minimum. In order to
eliminate the confining forces, in-
duced by friction between the con-
crete specimen and the supporting
element, the steel at the loaded end
was left unbonded within the concrete
specimen over a length of 4 inches.
Even with the stress conditions
for the test specimen defined satis-
factorily, the direct applicability
of the results is not assured. Ex-
traneous restraints in the test set-
up may have measurable effects. The
following is a discussion of two test
conditions which may influence the
results of the pull-out tests.
3.2 BONDED LENGTH
Bond is generally described by
the relationship between slip and
bond force. This relationship, how-
ever, may be regarded as a unique
bond property only if the measurements
are obtained under very special con-
ditions. In general, the bond stress
(i.e. force per bonded unit area) or
the unit bond force (i.e. force per
bonded unit length) is a nonlinear
function of the slip. Since the slip
varies along the bonded length, be-
cause of a nonuniform elastic de-
formation of the steel caused by a
change in steel stress, the bond
stress distribution is nonlinear.
The distribution of steel stress and
slip is also nonlinear.
The magnitudes of the slip and
the steel stress at the ends of the
bonded length are the only quantities
that are usually obtained from mea-
surements in pull-out tests. In order
to determine a direct relationship
between slip and bond force, the
distribution of both quantities along
the bonded length would have to be
known. Assuming a constant bond
stress distribution, approximations
can be made by taking average values.
The bond-slip relationship, obtained
in this manner, would not represent
a generally valid bond property, but
would represent a certain bonded
length only. This explains in part
why test results of various investi-
gations compare so unfavorably, and
why attempts to project from one
test condition to another have often
failed.
There are three possible ap-
proaches to a direct bond-slip rela-
t ionship:
(a) The steel stress and the
slip along the bonded length could be
measured. This method has the dis-
advantages of demanding precision
difficult to achieve and instrumenta-
tion likely to cause disturbance of
bond.
(b) A series of pull-out tests
with different bonded lengths could
be conducted, and a relationship be-
tween the average bond values and the
bonded length could be established.
Extrapolations would make it possible
to determine the average bond force-
slip relationship for any desired
bonded length. Since the bonded-
length effect would have to be tested
for all variables investigated this
method would lead to a very extensive
test program.
(c) The third method appears to
be the least expensive and most suc-
cessful one. It was used by Rehm(ll1
in an investigation of the bond char-
acteristics of plain and deformed
bars. The ideal would have been to
test reinforcement with an infinites-
imally small bonded length, thus as-
suring a practically uniform slip,
and consequently a uniform bond stress
distribution. In such a case, direct
bond force-slip relationship would be
obtained. In practice, of course,
a bonded length of finite value had
to be chosen. The limits of the
chosen length depended on the uniform-
ity of steel surface, aggregate size,
relative effect of boundary conditions
on total length, maximum pull-out
force to be obtained, and the shape
of the bond force-slip relationship.
In the investigation described
in this paper, the third method was
chosen. Before one bonded length
for all pull-out tests was chosen,
four test series (SA09-1, SA09-2,
SA08-3, SA09-4) with different bond-
ed lengths were carried out. Each
series involved a single strand size
and consisted of 12 specimens. Three
specimens were tested at each of the
following bonded lengths: 0.5, 1.0,
1.5, and 2.0 inches. The average
results, plotted in terms of unit
bond force, are shown in Figure 3.1
and 3.2.
Within each test series and at
slips of less than 0.01 in., the dif-
ferences in the unit bond force-slip
relationships were not significantly
greater than the differences which
would have been obtained if the av-
erage results from four groups of
three tests with the same bonded
length had been compared. This ob-
servation is supported by the dis-
tribution of a population of 35 tests
with a bonded length of 1 in. (see
Figure 5.3).
For large slips, the unit bond
force of the specimens with a bonded
length of 0.5 in. increased less
than that of specimens with larger
bonded lengths. This fact may be at-
tributed to imperfect test specimens.
As described in Section A.4, wax was
used at the ends of the bonded length
to stop the fresh concrete from run-
ning inside steel pipes that prevent-
ed bond between the strand and the
concrete outside the desired length.
During the pull-out test, the strand
was pulled out at least 0.15 inches.
This meant, that at the trail end of
the bonded length, a piece of strand
unbounded and coated with wax was
pulled into the concrete. Thus, the
average bond strength over the total
length decayed with increasing slip.
The amount of loss in bond quality,
caused by the imperfection of the
test specimens, was constant for every
bonded length; the effect on the unit
bond force, however, increased the
shorter the bonded length became.
Test results obtained with very
short embedment lengths are sensitive
to any imperfections. Practical con-
siderations offset the theoretical
advantage of making the bonded length
as short as possible. This fact
was indicated by the relatively large
scatter of the individual tests with
bonded lengths of 0.5 inches. As a
result of these tests, I in., the
shortest length giving reliable and
consistent test results, was chosen
as the standard bonded length for all
pull-out tests. The following assump-
tions are requisite for estimation of
the differential slip between trail
end and attack end of the bonded
length: (a) The steel stress de-
creases linearly from the attack end
to the trail end, where it has to be
zero. (b) The concrete deformations
are negligible. Thus, the differen-
tial slip (ds) will be approximately
P Lds - P2 AE (3.1)
where P = pull-out force, L = bonded
length, A = steel area, and E = modulus
of elasticity of the strand. For a
7/16-in. strand and a bonded length
of I in., the differential slip at a
pull-out force of 700 lb is 0.00011
inches.
Since the differential slip was of an
order that barely could be measured
with 0.0001-in. dial indicators, it
was not necessary to measure the at-
tack-end slip. For large bonded
lengths, however, the measurement of
the attack-end slip was a necessity.
In those cases, the differential slip
was of an influential magnitude, and
the error in assuming a constant bond
stress distribution along the bonded
length was significant. Two test
series (SA09-18, SA10-19), with spec-
imens of different bonded lengths,
confirmed this fact.
Test Series SA09-18 included 14
specimens with 7/1 6 -in. strand.
Three specimens were tested with each
of the following bonded lengths: 1,
3, 8, 15 in.; and two specimens were
tested with a bonded length of 20
inches. Test Series SA O1-19 included
9 specimens; the bonded lengths were
1, 3, and 8 inches. For bonded
lengths of greater than 1 in.,
the attack-end slip was measured in
both test series in addition to the
trail-end slip. Figure 3.3 and 3.4
show the measured force-slip rela-
tionships. At an attack-end slip of
0.0001 in., the total load developed
was approximately 200 to 300 lb re-
gardless of the bonded length. The
attack-end slip increased proportion-
ally with the load until the trail
end started to slip. The relation-
ship between the attack-end slip and
the load, virtually independent of
the bonded length, indicates the
progressive character of the bond
mechanism.
After a measurable trai l-end
slip had developed, the rate of slip-
page increased suddenly. This break
is understandable if the bond force-
slip relationship of the 1-in. spec- -
imen is observed. The bond force
increases initially with practically
no trail-end slip. After reaching a
certain load, the slip increases
suddenly while the load stays almost
constant. The bond-slip curve may be
compared to an elasto-plastic stress-
strain curve. The bonded piece of
strand is pulled out at approximately
constant force after the slip had
extended over the total length. The
attack-end and trail-end slips prog-
ress at the same rate, with the at-
tack-end slip exceeding the trail-end
slip by the amount of the differential
slip. For bonded lengths less than
8 in., the differential slip was too
small to be shown graphically in
Figure 3.3 and 3.4.
The relationship of the unit bond
force versus the trail-end slip was
plotted in Figure 3.5 and 3.6. The
shape of the unit bond force-slip
relationship of the 1-in. specimens
should be compared with the shape of
the curves in Figure 3.2. The dif-
ference was caused by the fact that
a new coil of 7/1 6 -in. strand was
used in test Series SA09-18 and
SA1 0-19.
The shape of the unit bond force-
slip relationship of the 1-in. spec-
imen affects the magnitude of the
average bond force calculated for
tests with larger bonded lengths.
if the unit bond force of the 1-in.
specimen is constant throughout the
whole range of slip, the unit bond
force-slip relationship would be
identical for every bonded length.
In the case of a negative slope for
the unit bond force-slip relation-
ship, the unit bond force will de-
crease with increasing bonded length.
In the case of a positive slope, it
will increase with increasing bonded
length. These trends are indicated
by the curves in Figure 3.5 and 3.6.
At small slips, the unit bond forces
decreased with increasing bonded
lengths as expected. The trend of
the decrease was in the right order
for both test series although the
relative magnitudes were not as con-
sistent. The typical scatter of
bond tests, especially with short
bonded lengths, is such that three,
ostensibly identical tests are not
sufficient to produce completely
reliable average values. The reduc-
tion in unit bond for the 1-in. spec-
imen at a slip of approximately 0.01
in. became less pronounced for larger
bonded lengths since, for the longer
specimens, the unit bond force was
averaged over larger slip ranges.
The results shown in Figure 3.5 and
3.6 are analysed in detail in
Chapter 13.
SUPPORT CONDITIONS
Strand belongs neither to the
category of deformed bars nor to
that of plain bars. Provided the
concrete specimen does not split,
deformed bars fail in bond through
shearing off the concrete keys be-
tween their deformations. Plain bars
are pulled out of the concrete sud-
denly, after the initial bond force,
a slip of approximately 0.0001 in.,
has been exceeded. Strand, with its
long-pitched, helical arrangement of
the exterior wires, untwists itself
when forced to slip through the rigid
concrete embedment.
Two test setups may be used with
respect to the untwisting of the
strand: (a) the concrete specimen
may be restrained completely from
rotating, and (b) the concrete spec-
imen may be permitted to rotate
freely. In the first case, the
strand is forced to untwist itself
while the concrete specimen remains
rigid. In the second case, the strand
retains its original geometric shape
while the concrete specimen rotates.
The torsional stiffness of the
untwisting strand tends to increase
the contact pressure between the
strand and the concrete. The higher
contact pressures should cause the
bond strength to increase. If the
concrete specimen is allowed to ro-
tate, the torsional restraint van-
ishes and no increase of contact
pressure occurs.
In order to investigate the ef-
fect on bond of the rotational re-
straint, a series of tests (SA08-5)
was carried out using strand with a
diameter of 7/16-in. The series in-
cluded nine specimens: Five specimens
were free to rotate during the test,
four specimens were completely re-
strained. The average bond-slip re-
lations are plotted in Figure 3.7.
The difference in bond force was
very small. In fact, the bond force
at small slips was even lower for the
restrained specimens. However, the
rate at which the bond force increas-
ed with increasing slip was greater
for the specimens restrained from
rotation than for those free to ro-
tate .
In addition to the bond force,
the relative rotation of the strand
versus the concrete prism was mea-
sured for both types of test setups.
As expected, the measured rotation of
the unrestrained concrete specimen
around the strand was exactly equal
to the amount the strand untwisted
from the fixed concrete specimens
Summarizing the test results, it
may be concluded that the torsional
restraint of the test setup, and
consequently the torsional stiffness
of strand, had very little influence
on bond as measured in the pull-out
tests. Since in practice the con-
crete is usually restrained from
rotation, all further pull-out tests
with strand were performed on
torsionally restrained specimens.
IV. TESTS WITH PLAIN WIRE
Seven-wire strand is manufactured
by twisting six plain wires, helical-
ly, around a straight center wire.
Although strand consists only of
plain wires, the arrangement of the
exterior wires results in an overall
surface geometry which increases
bond beyond a value dependant on the
surface characteristics of the indi-
vidual wires. To develop a basic
understanding of the bond character-
istics of strand, it was necessary
to study separately bond related to
the surface characteristics of the
plain wires. This could be achieved
by conducting pull-out tests with
plain wire having the same surface
characteristics as the exterior wires
of the strand. Because the exterior
wires of the strand could not be
straightened without modifying their
surface, the straight center wires of
the strand were used for this pur-
pose. The surface characteristics
of the center wire might differ a
little from that of the exterior
wires because of the manufacturing
process of the strand and the posi-
tion of the center wire protected as
it is against physical and chemical
wear. However, the effect of this
difference on bond was assumed to be
small.
Three pull-out test series
(WA08-1, WB08-1, WC08-1) were con-
ducted using the center wires of
1/ 4 -in., 3/8-in., 7/16-in., and 1/2-
in. strand. For each series of
twelve specimens, a different con-
crete mix was used. The compressive
strength of the concrete at the time
of testing was approximately 2,200,
5,000, and 8,300 psi.
The bond stress-slip relation-
ships (Figure 4.1) were typical for
plain wire, although plotting the
slip to a logarithmic scale may ob-
scure this fact. An example of a
bond stress-slip curve, with the slip
plotted to a linear scale, is shown
in Figure B.l. Initially, the bond
stress increased at a slip too small
to be measurable. At a slip of ap-
proximately 0.0001 in., the maximum
bond stress was reached. This point
in the bond stress-slip curve was
clearly marked by a sudden drop of
the load with an attendant increase
of slip. The bond stress kept de-
creasing until it approached a nearly
constant value at a slip of approx-
imately 0.1 inches.
The average bond-slip curves,
shown in Figure 4.1, indicate that at
higher concrete strengths, the bond
stress increased with the wire size.
This trend was very pronounced in
test Series WB08-1 with a concrete
strength of 8,300 psi. Considering
the relatively great scatter that is
typical for bond tests, especially
with short embedment lengths, and
the fact that the individual results
of tests with different wire sizes
overlapped one another by a large
margin, it is not expedient to draw
definite conclusions. There was
neither a statistical nor a theoret-
ical basis to confirm the above
observation.
The maximum bond stress for the
individual tests (Figures B.46, B.47,
and B.48) ranged from 235 to 425 psi.
The lower values were obtained with
low-strength concrete, the higher
values with high-strength concrete.
In order to determine the influence
of the concrete strength on bond, the
bond stresses of all four wire sizes
were averaged. In this manner, one
bond stress-slip data point was ob-
tained for each test series (Figure
4.2). The results demonstrate that
the concrete strength had an increas-
ing effect on the bond stress through-
out the entire range of slip. The
influence, however, was very small.
Although the concrete strength varied
from 2,000 to 8,000 psi, the bond
stress increased by only 10 percent
at a slip of 0.0001 in. and by ap-
proximately 50 percent at a slip of
0.15 inches.
In contrast to the foregoing
observations, Rehm(11) found that
the bond stress of plain round bars
varied approximately proportionally
with the concrete strength, at least
within the range of 1 ,000 psi to
5,200 psi. Rehm tested plain round
steel bars with diameters of 16 mm
(5/8 in.) using pull-out tests with
a bonded length equal to the diameter
of the bar. It should be mentioned,
however, that the bars, tested by
Rehm, had a rougher surface than the
center wires of strand. The surface
was classified as partly scarred mill
scale.
Another three test series with
plain wire (WAP15-1 , WAP17-2, WBP66-1)
were performed in connection with the
phase of the test program investigat-
ing the influence of lateral pressure
on bond. Specimens with center wires
of 7/16-in. strand and concrete
strengths of approximately 6,000 psi
and 8,200 psi were tested. The rela-
tionships found for these tests were
very similar to those in the tests
described above (Figure 4.3).
Test Series WBP66-1 produced
extremely high bond stresses compared
with the results of Series WB08-1
(Figure 4.1). The difference may be
attributed to shrinkage. Although
the concrete mix and the concrete
strength were practically identical
in both series, the concrete age at
which the tests were carried out dif-
fered by almost two months. The
shrinkage deformations of the con-
crete, developed during this period
of time, induced additional lateral
stresses acting normal to the surface
of the wire. As a consequence of
the higher normal stresses, the bond
stresses of test Series WBP66-1 ex-
ceeded those of Series WB08-1.
Summarizing the test results
obtained with the center wires of
strand, it may be concluded that the
concrete strength had a well-defined
but small effect on the bond strength
of plain wire. The bond strength
increased with the age of the con-
crete. This is mainly attributable
to shrinkage. The maximum bond stress
was developed at a slip of approxi-
mately 0.0001 inches. For an 8- to
17-day old concrete, the average max-
imum bond stresses varied from 300 to
330 psi depending on the concrete
strength. At a slip of 0.1 in., the
range of the average bond stresses
was as low as 80 to 160 psi.
The above bond values compare
very well to results obtained by
(12)
Keuning who used pull-out tests
to study the bond characteristics of
0.192-in. round, prestressing wire.
In Keuning's tests, the bonded
length was three inches. The age of
the concrete was nine days, the
concrete strength was approximately
4,700 psi, and the maximum bond stress
was 330 psi. At a slip of 0.1 in.,
Keuning's tests indicated an average
bond stress of 110 psi.
V. EFFECT OF STRAND SIZE
The most commonly used type of
strand in prestressed concrete is
seven-wire (round-wire) strand. With
the exception of extremely small
diameters which are used in model
structures, the diameter of seven-
wire strand ranges from approximately
0.25 in. to 0.6 inches. In order to
limit the number of tests, it was
necessary to study the effect of dif-
ferent variables on bond experimen-
tally with only one strand size. To
project those results to other sizes
required an investigation of the in-
fluence of the strand size on bond.
The investigation described in
this report included four different
strand sizes with nominal diameters
of 1/4, 3/8, 7/16, and 1/2 inch.
Three different concrete strengths
were used, ranging from 2,300 psi
to 7,600 psi. In order to investi-
gate the effect of the strand size
on bond a total of 33 tests was per-
formed with 1/4-in., 3/8-in., and
1/2-in. strand, and 54 tests were
carried out with 7/16-in. strand.
(Table B.1 and B.2)
Average unit bond force-slip
relationships for different strand
sizes, as obtained with a concrete
strength of approximately 5,400 psi,
are plotted in Figure 5.1. With ex-
ception of the 3/ 8 -in. strand, the
relationships show a similar trend
for the various strand sizes. The
bond force increased initially with-
out measurable slip. After having
reached a certain value (initial bond
force), the strand started slipping.
The bond strength beyond the initial
bond force continued to increase at
a small but steady rate.
The 3/ 8 -in. strand displayed a
different bond-slip characteristic.
The steady increase of the bond
strength was interrupted by a sudden
decrease of the bond force at a slip
of roughly 0.001 inches. The rate
at which the bond force increased
at slips larger than approximately
0.01 in. exceeded that of the other
strand sizes.
The unit bond force of the strand
increased with the diameter. To de-
termine how much the bond strength
was affected by the strand size, the
nominal bond stress (i.e. the pull-
out force divided by the theoretical
surface area) was plotted for each
strand size and for each concrete
strength in Figure 5.2. To express
bond in terms of bond stress was
justified by the facts that the twist-
angles of the different strands (i.e.
the angle formed by the axes of the
exterior wires with the longitudinal
axis of the strand) were approximately
identical and that the torsional
stiffness of strand had little in-
fluence on the bond strength (Sec-
tion 3.3). The latter fact was con-
firmed indirectly in Figure 5.2.
Although 1/2-in. strand is stiffer
with respect to torsion than 1/4-in.
strand, the bond stress of both
strands increased with slip at ap-
proximately the same rate.
The relationships in Figure 5.2
suggest a slight trend of the nominal
bond stress to decrease with increas-
ing strand diameter. A study of all
the test data, however, indicated
that this trend was statistically
not significant. In Figure 5.3
through 5.5 the mean, the confidence
intervals of the mean, and the mean
including two standard deviations
were plotted versus the strand size
for concrete mixes A, B, and C. The
confidence intervals indicate with a
probability of 95 percent the range
within which the average bond stress
lies. The limits determined by two
standard deviations enclose, osten-
sibly, 95 percent of all test data.
The bands representing the
scatter of individual test results
for each strand size in Figure 5.3
through 5.5 overlap one another by
such a margin, both for a slip of
0.0001 in. and 0.1 in., that the
trend indicated in Figure 5.2 appears
doubtful, or at least not significant.
It should be noticed that the confi-
dence interval was relatively small
for 7/16-in. strand in Figure 5.3,
because 35 test results were available
for this strand size. Only 12 test
results could be used for the other
strand sizes.
The variation of the nominal
bond stress with the strand diameter
for each of the three concrete
strengths of Mix A, B, and C is pre-
sented in Figure 5.6. The variation
is shown in terms of confidence in-
tervals of the mean (probability =
95 percent) and in terms of the mean
plus two standard deviations. Figure
5.6 illustrates .the variation of the
nominal bond stress with the concrete
strength.
In Figure 5.7 the average bond
forces at different slips (0.0001 in.,
0.01 in., 0.1 in.) are plotted versus
the strand diameter. Straight line
relationships, starting at the origin
of the graph, should be obtained
provided that the same bond character-
istics pertain to all strand sizes.
For practical purposes and within the
range of strand sizes tested, the
bond force of strand may be assumed
to vary approximately linearly with
the strand diameter.
VI. EFFECT OF CONCRETE PROPERTIES ON BOND
OF PLAIN WIRE AND STRAND
6.1 INTRODUCTORY REMARKS
To compare the influence of dif-
ferent concrete properties on bond
is extremely difficult, because vary-
ing one property of the concrete in-
evitably results in the change of
other properties. By changing, for
example, the strength of the con-
crete, which may be achieved by vary-
ing either the mix proportions or the
age of the concrete, the character-
istics of settlement of the fresh
concrete may be altered in one case,
the conditions of shrinkage in the
other. It is therefore not possible
to separate the influence of individ-
ual properties to such a degree as
to render absolutely reliable rela-
tionships between bond strength and
individual concrete properties. It
is possible, however, by careful
selection and control of the con-
crete mixes, to determine the trend
and the significance of the effects
different concrete properties exert
on bond.
In the following, effects of
concrete properties, such as strength
consistency, curing conditions and
age on bond of plain wire and strand
are described.
6.2 EFFECT OF CONCRETE STRENGTH ON
BOND OF PLAIN WIRE AND STRAND
Three different mix proportions
for the concrete were used (Section
A.2.3) to study the influence of con-
crete strength on bond. The mix
proportions were chosen so that the
ratio of the volume of cement plus
sand to the volume of gravel, and
the consistency of the fresh concrete,
as measured by the slump, remained
constant for all three mixes. Neces-
sarily, the amount of cement and the
water/cement ratio were different.
The properties of the mixes (A, B, C)
and the resulting strength character-
istics of the concrete are listed in
Table A.l. The age of the concrete
at the time the tests were performed
was eight or nine days. The average
compressive strength was approximately
5,400 psi, 7,500 psi, and 2,400 psi.
The relation between the compressive
strength and the splitting strength
of the concrete is shown in Figure
A.2.
Three series of tests with center
wires of four different strand sizes
(1/4, 3/8, 7/16, and 1/2 in.) investi-
gated the variation of the bond
strength of plain wire with the
concrete strength. The average bond-
slip relations of these tests are
presented in Figure 4.1. Each curve
represents the average of three tests.
Since no significant influence of
the wire diameter on the bond strength
could be found, the bond stresses of
all four wire sizes were averaged
and plotted in Figure 4.2. The con-
crete strength appeared to have a
small but definite effect on the bond
strength throughout the whole range
of slip.
In Figure 6.1, the bond strength,
obtained with different concrete
strengths, was expressed in the per-
cent of the bond stress developed at
a concrete strength of approximately
5,000 psi. Each symbol in this graph
represents an average of three test
results. Taking the mean value of
those results, regardless of the wire
diameter and the slip at which the
results were obtained, it appears
that the bond strength increased by
roughly 4 percent for every 1,000-
psi increase of concrete strength.
Taking into consideration the intro-
ductory remarks of this chapter, and
the fact that the above result was
derived from only 12 tests per con-
crete strength, the quantitative con-
clusion is debatable. It shows
clearly, however, that the concrete
strength has but little influence on
the bond strength of plain wire.
A larger number of tests de-
signed to study the influence of con-
crete strength on bond, was performed
with strand. Including all four
strand sizes, 36 tests were carried
out with a concrete strength of
roughly 2,400 psi, 71 tests with a
concrete strength of 5,500 psi, and
47 tests with a concrete strength of
7,500 psi. The data from the follow-
ing series were used to evaluate the
effect of concrete strength: Series
SA09-1 through SA08-14, with the ex-
ception of Series SA23-8 and SA08-13
(Table B.l), Series SB09-1 through
SB08-3, and Series SC09-1 through
SC08-4 (Table B.2).
Figures 6.2 through 6.5 present
the average bond-slip relationships
of the four strand sizes at various
concrete strengths. The trend of the
bond strength to increase significantly
with the concrete strength was common
to all four strand sizes. In order
to compare the relative increase of
the bond strength of all four strand
sizes, the bond strength measured at
various concrete strengths was ex-
pressed in the percent of that bond
strength that was found at a concrete
strength of approximately 5,500 psi
(Figure 6.6). Despite the differences
in strand size and slip, the results
compare surprisingly well. According
to this figure, the unit bond force
increased, on the average, at a rate
of 8 percent per 1,000 psi of concrete
strength for a slip of 0.0001 in.,
and at a rate of 11 percent per 1,000
psi of concrete strength for a slip
of 0.1 inch. These numbers are higher
than that observed for plain wire.
It should be noted, however, that the
larger number of tests with strand,
154, compared with that for plain
wire, 36, resulted in more reliable
mean values.
Another illustration of the
apparent effect of the concrete
strength on bond of strand, showing
the variation of individual test re-
sults, is presented in Figure 5.6.
6.3 EFFECT OF CONCRETE CONSISTENCY
ON BOND OF STRAND
The consistency of the concrete
may be measured by the slump the fresh
concrete exhibits in a specified
test (ASTM C143-66) . In order to
find the effect of the consistency
of concrete on bond, various concrete
mixes were designed such that both
the strength characteristics and the
water/cement ration remained constant
while the consistency was varied.
This was achieved by varying the ratio
of fine aggregates (cement plus sand)
to coarse aggregates (gravel). Two
comparable sets of test series were
conducted, each eet containing three
series (SA09-6, SD09-1, SE09-1, and
SA09-7, SD09-2, SE09-2). The prop-
erties of the concrete mixes used
(A, D, E) are listed in Table A.l.
The slump values developed by the
three concrete mixes were approxi-
mately 0.4, 1.5, and 7.0 inches.
The average strengths of the concrete
at the age of nine days were within
a range of 800 psi. Since the con-
crete properties and the curing con-
ditions were comparable, the results
of both sets of test series were
averaged.
Each bond-slip relationship in
Figure 6.7 represents an average of
eight or ten identical tests. A
comparison of the three bond-slip
curves indicates that the bond
strength of strand is affected by
the consistency of the concrete. De-
spite the comparatively low strength
of the concrete mix yielding the
largest slump, specimens with this
concrete developed the highest bond
strength. This result confirms that
the strength of concrete by itself
is. neither sufficient nor reliable as
a sole basis for the prediction of
bond strength with respect to concrete
properties.
The favorable bond characteristics
developed by the high-slump concrete
may be attributed to shrinkage. Al-
though the water/cement ratio was
identical for all three concrete
mixes, the high-slump concrete re-
quired more water and cement to reach
a comparable strength at a low con-
sistency. This mix was bound to de-
velop more shrinkage than the other
two mixes. The resulting difference
in contact pressures between the con-
crete and the strand, caused by shrink-
age deformations, led to an increase
in bond strength.
6.4 EFFECT OF CURING CONDITIONS ON
BOND OF PLAIN WIRE AND STRAND
Used throughout the whole test
program, the basic method of curing
the pull-out specimens is described
in Section A.4. The specimens were
kept moist in their forms for two
days. Then, the forms were struck,
and the specimens were moved to the
fog room with a relative humidity of
100 percent. After being in the fog
room for four days, the specimens
were stored in a climate-controlled
room with a temperature of approxi-
mately 73 0 F and a relative humidity
of 50 percent. In order to probe
the sensitivity of bond strength to
different curing conditions, a pilot
series of tests was conducted early
in the test program, using (compared
with the basic method) two extreme
curing conditions.
Series SA08-13, including six
specimens, was cast with concrete of
the proportions of Mix A. During the
first two days, all six specimens
were kept moist within their forms.
After removing the forms, three
specimens were stored in the fog room
with a relative humidity of 100 per-
cent, and three specimens were stored
in the climate-controlled room at a
relative humidity of 50 percent.
In addition to this series,
another series of six specimens
(SA08-12) was cast with the same con-
crete proportions as Series SA08-13.
However, the specimens were cured in
the usual manner--described above.
At an age of eight days, the speci-
mens of both series were tested.
The results are plotted in the
form of bond-slip relationships in
Figure 6.8. The normally cured spec-
imens and those stored in the fog
room (moist-cured) yielded similar
results. However, the specimens
stored at a relative humidity of 50
percent (dry-cured) developed a sig-
nificantly higher bond strength,
although the strength of the dry
cured concrete was only insignifi-
cantly larger than that of the normal
and moist-cured specimens.
In order to confirm this varia-
tion of bond strength with curing
conditions, two other series of tests
were carried out: one with 7/16-in.
strand (SB18-4) and one with the
center wire of this strand (WB18-2).
Both series were cast from the same
batch of concrete, which was propor-
tioned according to Mix B. Each
series included six specimens. Three
specimens were dry-cured, and three
specimens were moist-cured. The
curing conditions were identical to
those of Series SA08-13. In order to
extend the influence of the two
different methods of curing, the tests
were performed after 18 days instead
of at an age of 8 days.
The deformations of the concrete
caused by shrinkage and swelling were
measured from the time the forms were
removed until the day of testing.
The deformation was measured with an
8-in. Berry gage along four lines
located on two opposite faces of the
concrete prism (Figure 6.9). The
average results, obtained from six
specimens for each type of curing,
indicate that the moist-cured speci-
mens developed a swelling strain of
approximately 5 x 10 - 5  (of the same
magnitude as the reliability of the
measurements), and the dry-cured
specimens, a shrinkage strain of
roughly 26 x 10 - 5 . Both changes in
strain relate to the state of the con-
crete two days after casting.
The bond-slip relationships of
Series WB18-2 and SBl8-4 (Figure 6.10)
demonstrate that dry curing of the
concrete resulted in significantly
higher bond strengths than moist
curing, especially at small slips.
The difference between the bond forces
developed by dry-cured and moist-cured
specimens decreased with increasing
slip. At a slip of 0.15 in., the
influence of the different curing
conditions on the bond strength of
both plain wire and strand was too
small to be measurable.
Since the compressive strength
of the concrete, determined with
cylinders subjected to the same cur-
ing conditions as the test specimens,
was identical for both types of
curing, the consistent difference in
bond strength may only be explained
by shrinkage. It should be noted
that the swelling measured in the
moist-cured specimens does not
indicate absence of stresses due to
early shrinkage in the first two
days.
6.5 EFFECT OF AGE OF CONCRETE ON
BOND OF PLAIN WIRE AND STRAND
This program was not intended
to investigate on a broad scale the
influence of the concrete age on
bond. In order to perform such an
investigation properly, a large
number of specimens, cast preferably
from one batch of concrete, would be
necessary. Sets of tests would have
to be conducted in certain intervals
of weeks, months and years. Taking
into account different storage con-
ditions, this investigation would be
a program in itself. Nevertheless,
the present test program carried out
at different ages of the concrete
provided some valuable data con-
cerning the effect of age on bond.
The age of the concrete at
which tests were usually performed
was eight or nine days. The prepara-
tion and test procedure, for speci-
mens being subjected to lateral pres-
sure, required a longer period of
time to conduct one test series.
Therefore, the age at which those
specimens were tested varied from 15
to 24 days. One series was tested
at an age of 66 days.
Bond-slip relationships of spec-
imens with plain center wire of 7/16-
in. strand, tested at different ages,
are compared in Figure 6.11. The
curing conditions and the mix propor-
tions of the specimens compared with
one another were identical. The
initial bond stress of specimens cast
with Mix A and tested at ages of 8
and 16 days were almost identical.
With increasing slip the 8-day old
concrete, although having a lower
compressive strength, provided better
bond resistance. The 66-day old
specimens, cast with concrete of mix
B, developed initial bond stresses
almost 30 percent higher than compa-
rable 8-day old specimens. It
should be pointed out, however, that
the average results were based on
only three individual tests.
More test results were available
for 7/16-in. strand. Average bond-
slip relationships obtained at an age
of 8 to 9, 15, and 22 to 23 days are
shown in Figure 6.12. The averages
were formed from the tests of Series
SA09-1 through SA08-14, listed in
Table B.1 (with the exception of
SA08-13), and the Series SAP15-1,
SAP22-2, SAP23-3 (Table B.3). Al-
though the statistical weight of the
test groups varied significantly
because of the different number of
tests available, a consistent in-
fluence of the concrete age on the
bond strength may be observed from
those results.
The tendency of the bond strength
to increase with the age of the con-
crete was confirmed by the test re-
sults of Series SAL12-1 which was
conducted to study the influence of
sustained loading on bond (Figure
6.13). As part of this investigation,
three specimens were tested at an
age of 12 days, and three specimens,
cast with the same batch of concrete,
at an age of 129 days. The concrete
strength increased during this time
period by approximately 1,100 psi.
According to the results, described
in Section 6.2 this would call for an
approximately 8-percent increase of
the initial bond strength. The ini-
tial bond strength of the 129-day old
specimens increased by as much as 55
percent. At a slip of 0.01 in., this
difference was reduced to 12 percent,
and at a slip of 0.1 in. to approx-
imately 3 percent.
Similar test data were obtained
from Series SAL 1-2 and SBL12-1.
Three specimens of each series were
tested at ages of 11 (SALI 1-2) and
12 (SBLI2-1) days. Three specimens,
cast from the original batch, were
tested at ages of 451 (SAL 1-2)
and 446 (SBL12-1) days. The average
bond-slip relationships are shown in
Figure 6.14.
In contrast to the results of
Series SAL12-1, the initial bond
strength of the specimens of Ser es
SALII-2 and SBLI2-1 did not incr ,.se,
after the period of approximately 15
months. The average bond strength
at large slips, however, was found to
have increased by approximately 65
and 30 percent. The increase of the
concrete strength during that period
was practically negligible.
The test results represented in
Figure 6.12 through 6.14, summarized
in Figure 6.15 seem to indicate dif-
ferent trends for the bond strength
versus the age of the concrete at dif-
ferent slips. The initial bond
strength appeared to reach a peak
value at a concrete age of approxi-
mately 20 to 50 days. Beyond this
peak, the initial bond strength seemed
to decrease gradually with the in-
creasing age of the concrete. The
bond strength at large slips appeared
to increase steadily with the age of
the concrete.
Because of the few test data
available and the inconsistent re-
sults at large slips (Figure 6.15),
the above trends are not confirmed
reliably enough to draw definite con-
clusions. It appears that the varia-
tion of the bond strength with the
age of the concrete is attributable
primarily to a variation of contact
stresses due to lateral shrinkage of
the concrete prism between the strand
and the concrete (Chapters 9 and 14).
The increase of the concrete strength
during the time periods investigated
contributed only a negligibly small
amount to the increase in bond
strength.
Peattie and Pope,(13) who studied
the effect of the age of concrete on
the bond resistance of plain bars
within the first 28 days of age, came
to the conclusion that shrinkage of
the concrete closely adjacent to the
steel was the primary reason for bond
It was found in their torque - and
pull-out tests that the maximum bond
capacity was reached within a period
of 3 to 14 days. The fact that the
maximum bond strength was developed
in such a short time, while shrink-
age continued appreciably up to ages
of one to two months, was explained
by the exothermic process of harden-
ing of the concrete. The higher
temperatures developed in the inte-
rior of the specimen, immediately
around the steel, accelerated the
contraction of the concrete. From
the tests described in this investi-
gation, it may be concluded that a
longer period of time is needed to
develope the maximum bond capacity.
6.6. CONCLUDING REMARKS
On the basis of a relatively
large number of tests, it has been
shown that the concrete strength had
relatively little influence on bond
of plain wire and strand. Although
the ideal condition of separating
the effect of the concrete strength
on bond could not be fully achieved,
test results indicated that, on the
average, the bond strength of plain
wire increased by approximately four
percent for every 1,000 psi of ad-
ditional concrete strength. For
strand, the increase was approxi-
mately ten percent.
The primary source of bond was
found to be shrinkage. This has
been confirmed by tests in which the
consistency and the curing conditions
of the concrete were varied, while
the strength of the concrete was
being kept constant. Tests used to
study the effect of the age of the
concrete indicated the same results.
Bond strength is sensitive primarily
to all variables that affect shrink-
age, and only secondarily to the
strength of the concrete.
VII. EFFECT OF SETTLEMENT
Settlement of fresh concrete is
caused mainly by a segregation of
aggregates and water due to differ-
ences in their specific gravities.
The solid parts of the mix tend to
sink to the bottom while the water
tends to rise to the top surface of
the concrete. The latter process is
referred to as "bleeding." An ad-
ditional volume change, caused by
hydration of the cement, may be
described as "chemical shrinkage''
adding to the amount of settlement
during the very early stages of hard-
ening of the concrete.
If reinforcing bars are held
rigidly by the formwork while the
settlement of concrete takes place,
the steel and the concrete may lose
contact on that side of the reinforce-
ment where the settlement, is directed
away from the steel. Furthermore,
the concrete in the immediate vicin-
ity of the steel may be of porous
quality because of water and air
bubbles which rise during vibration
and may be trapped under the rein-
forcement. The reduced area and
quality of contact between steel and
concrete must result in a reduction
in bond strength.
The amount of settlement depends
on many variables, such as the cement
and water content of the concrete mix,
the surface characteristics of the
cement and aggregates, the kind and
energy of vibration, the type and
surface of the formwork, the width of
the specimen, and, of course, the
thickness of the concrete layer that
settles. It was beyond the scope of
this investigation to study the ef-
fect of all those variables with re-
spect to bond of strand. However,
two series of tests were planned to
demonstrate the magnitude of the ef-
fect of settlement on bond strength.
Series SA09-15 and SA09-16, with
a total of 30 individual tests, were
conducted to study the influence of
the concrete depth on bond of strand.
The concrete strength was 5,370 psi
for SA09-15 and 5,150 psi for
SA09-16. The slump was 1.5 in. in
both series. In the form, the strand
was supported in a horizontal posi-
tion. The cross section, vertical to
the direction of pouring, was constant
for all specimens: 4 by 9 inches.
The depth of the concrete below the
center of the strand was varied (2,
6, 10, 15, and 30 in.). The thick-
ness of the concrete above the center
of the strand remained 2 in. for all
specimens. The forms were made of
oil-treated plywood.
The compaction of the concrete
was accomplished with an internal
vibrator. For two types of specimens
of Series SA09-15 (with depths of 15
and 30 in. below the strand), the
concrete was vibrated in two stages:
the form was filled halfway, vibrated,
filled to the top, and vibrated again.
One type of specimen in Series
SA09-15 (with a depth of 10 in. be-
low the strand) was not vibrated.
All others were vibrated in one stage.
The average bond-slip relation-
ships of both test series (Figure
7.1) demonstrated the sensitivity of
bond to the depth of the concrete
under the strand. Specimens with
concrete depths of 2 in. below the
strand developed the highest bond
force throughout the entire range of
slip. With increasing depth, the
bond strength decreased rapidly.
However, for depths greater than 10
in., the bond force appeared to ap-
proach a constant value.
Depending on the type of struc-
ture and the conditions of the envi-
ronment, the minimum concrete cover
for strand in prestressed concrete
ranges from 0.75 to 2 inches. There-
fore, a concrete depth of 2 in. under
the strand is considered the optimum
bond condition for horizontal strand.
In Figure 7.2, the average bond
forces, developed with specimens of
different depths at a certain slip,
were expressed as percentages of the
average bond force, obtained with a
depth of 2 inches. The results are
indicated separately for Series
SA09-15 and SA09-16. Since the con-
crete properties and the test condi-
tions were nearly identical, average
values were plotted using the results
of both test series.
Depending on the slip, the
bond strength dropped to values of
60 percent of the maximum bond
strength with concrete depths equal
to or larger than ten inches. Even
at the relatively shallow depth of
6 in., the measured bond strength
in Series SA09-16 was as low as 65
percent of the bond force for a depth
of 2 in. below the strand. The
bond strength may drop even further,
if the vibration of the concrete is
executed carelessly or omitted com-
pletely. This is indicated by the
results of Series SA09-15. The bond
strength developed by the specimens
that were not vibrated at all was ap-
proximately 30 percent lower than if
the specimens had been vibrated.
The results of Menzel's (14) tests
with plain round bars compare to the
results of the test series described
above. However, his tests indicated
an approximately linear decay of bond
strength with increasing concrete
depth. In contrast to that, the bond
strength in Series SA09-15 and
SA09-16 decreased significantly for
the first few inches of depth that
were added to the minimum cover.
Little additional loss of bond was
experienced for a further increase
in depth.
Welch and Patten( 1 5 ) tested the
influence on bond of various concrete
mixes with different sedimentation
characteristics. It was found that,
depending on the sedimentation char-
acteristics of the concrete, plain
round bars placed horizontally 9 in.
above the bottom of the forms may
develop as little as 40 to 60 percent
of the bond strength of identical
bars placed 3 in. above the bottom.
For deformed bars, the ratio was
approximately 65 percent.
VIII. EFFECT OF CONFINING PRESSURE
8.1 INTRODUCTORY REMARKS
Pull-out tests on specimens that
were subjected to different condi-
tions of shrinkage demonstrated that
bond of strand depended to a large
extent on lateral pressures acting
perpendicular to the surface of the
steel (Chapter 6). To study the ef-
fect of lateral pressure on bond, it
was necessary to exaggerate its
range. This was accomplished by ap-
plying various levels of lateral pres-
sure onto the pull-out specimens.
The lateral pressure was applied
hydraulically with the apparatus de-
scribed in Section A.7 (Figure 9).
Little information was found in
literature about the influence of
lateral pressure on bond. In the few
investigations that have been carried
out, the lateral pressure was ap-
plied onto the sides of the concrete
specimen with the aid of loading
plates. Compared with this mechanical
loading system, the direct applica-
tion of hydraulic pressure has the
advantage of subjecting the speci-
men to a unifrom state of normal
stresses without applying any shear
stresses. Thus, the confining
stresses, caused by friction along
the loading plates, were eliminated.
This phase of the program in-
cluded 61 tests which were performed
with 7/16-in. strand and plain center
wire of the same strand. In a given
test, the lateral pressure was ap-
plied before loading the strand or
wire and maintained at the same level
throughout the test. Applied lateral
pressures ranged from zero to 2,500
psi. The number of individual tests,
concrete properties, and applied
lateral pressures are listed for each
test series in Table B.3. It should
be mentioned here that several speci-
mens, which are not included in Table
B.3, had to be discarded because there
was either too much leakage before
the desired lateral pressure could be
reached, or the concrete specimen
broke when a pressure exceeding 2,500
psi had been applied.
8.2 INFLUENCE OF TEST PROCEDURE ON
RESULTS
The procedure of building the
test specimens into the pressure ap-
paratus by pounding in lead seals, as
described in Section A.7, was sus-
pected to have some influence on bond
of strand or wire. Therefore, two
specimens with 7/16-in. strand were
built into the pressure apparatus
and tested without lateral pressure.
The results were compared with the
test data of two specimens of the
same series (SA08-14) which were
tested without the pressure apparatus
The bond-slip relationships of the
four tests (Figure 8.1) indicated
that the le'ad-packing procedure had
no apparent influence on bond.
8.3 LIMITS TO THE APPLICATION OF
LATERAL PRESSURE
The maximum pressure applied in
the tests was 2,500 psi. This limit
was set by the fact that the concrete
prisms, which had cylinder strengths
ranging from 5,300 psi to 8,700 psi,
broke at lateral pressures exceeding
2,500. It was possible to apply a
lateral pressure of 3,000 psi in
several tests and to keep this pres-
sure constant; however, the concrete
prism broke each time shortly after
a small pull-out force had been ap-
plied to the strand or wire. The
failure was caused by cracking of the
concrete near the middle of the spec-
imen in a plane perpendicular to the
direction of the pull-out force.
Because of the high lateral pressure,
the seal (shim steel) covering the
concrete specimen was punched through
along the crack, permitting oil to
leak through the concrete and wedge
the prism apart. In several tests,
which had been performed under a con-
stant pressure of 1,000 or 2,000 psi,
the pressure was increased after a
slip of 0.15 in. had developed. The
failure occurred in the same manner
as described above at pressures
ranging form 3,000 to 4,200 psi, un-
less excessive leakage ended the test.
Transverse cracking, at approx-
imately one third to nearly one half
of the uniaxial compressive strength
of the concrete, was consistent with
major longitudinal cracking observed
in uniaxially loaded cylinders at
roughly 70 percent of the ultimate
load. Presumably, the transverse
strain in the biaxially stressed
prisms was twice as large as the
strain developed by uniaxially loaded
specimens.
The above results were confirmed
by an investigation of the multiaxial
strength of concrete conducted by
Fumagalli ( 1 6i It was reported that
concrete prisms subjected directly to
hydraulic pressure, without having a
seal between the concrete and the
pressure fluid, developed an average
biaxial compressive strength of 0.36
times the uniaxial strength of con-
crete. The failure loads found above
were a little higher than those re-
ported by Fumagalli. Reasons for
this discrepancy were the shim steel
seal used in the described investiga-
tion, and possibly a small longitudi-
nal restraint caused by the end seals
between the pressure chamber and the
concrete prism.
The inability to reach pressures
exceeding 2,500 psi did not pose a
serious impediment to the investiga-
tion. The trend of the effect of
lateral pressures was indicated well
enough by tests obtained with lateral
pressures up to 2,500 psi.
8.4 EFFECT OF LATERAL PRESSURE ON
BOND OF PLAIN WIRE
Three series of tests were con-
ducted to investigate the influence
of lateral pressure on bond of plain
wire: Series WAPI5-1 and WAP17-2
with concrete strength of approxi-
mately 6,100 psi, and Series WBP66-1
with a concrete strength of 8,200 psi.
The individual bond-slip relation-
ships are shown in Figure B.43
through B.45. Since the concrete
properties and the age of the con-
crete of Series WAP15-1 and WAP17-2
were comparable, for demonstrating
the trends observed, the results of
both series were averaged.
The average bond stress to slip
relationships, as shown in Figure
8.2 and 8.3, indicate that the shape
of the bond-slip curves for plain
bars was not altered by varying the
lateral pressure. The lateral pres-
sure, however, had a significant in-
fluence on the magnitude of the bond
strength. Any increase of lateral
pressure raised the bond stress by
an amount approximately proportional
to the lateral pressure.
Figure 8.4 shows, as functions
of the applied lateral pressure, the
initial bond stresses found in indi-
vidual tests. The initial bond stress
corresponds to the maximum bond force
measured at a slip of approximately
0.0001 inches. For specimens with
plain wire, this was identical to
the maximum bond stress obtained in
the test. The following may be
gleaned from Figure 8.4:
(a) The initial bond stress
increased in direct proportion to the
applied lateral pressure for both
concrete strengths.
(b) The results are clearly
separated for the two concrete
strengths at lateral pressures of
zero and 1,000 psi. At a lateral
pressure of 2,000 psi, this separa-
tion is not as distinct because two
results obtained with the lower-
strength concrete turned out to be as
high as the results of the higer-
strength concrete. Despite those two
results, it appeared that the con-
crete properties had a measurable ef-
fect on the bond strength of plain
wire. It should be noted however,
that the difference was presumably
not caused so much by the strength,
but rather by the age of the concrete,
or more precisely by the different
amount of shrinkage, as pointed out
in Chapters 4 and 6.
8.5 EFFECT OF LATERAL PRESSURE ON
BOND OF STRAND
Two preliminary test series
(SAP15-1 and SAP22-2) with one or two
pressure tests only, and two main
series (SAP23-3 and SBP24-1) with eight
pressure tests each, were carried
out using 7/16-in. strand to study
the influence of lateral pressure
on bond. The results, plotted in
the form of unit bond force-slip
relationships, are shown in Figures
8.5 through 8.7.
Common to all four test series
was the significant increase of the
maximum bond force with increasing
lateral pressure. The maximum bond
strength for externally applied
lateral pressures equal to or exceeding
1,000 psi seemed to be reached at
slip values ranging from 0.0003 to
0.0007 inches. In contrast to the
bond strength developed by tests
without lateral pressure, which tended
to increase with increasing slip,
the bond strength of specimens sub-
jected to lateral pressures dropped
immediately after reaching the max-
imum bond force. The drop became
larger, the higher the applied lateral
pressure was.
In Figure 8.8, the maximum bond
force of every individual test was
plotted versus the lateral pressure.
It appears from the plotted data that:
(a) the maximum bond strength
of strand was linearly proportional
to the externally applied lateral
pressure, and
(b) the concrete strength ap-
peared to have no significant in-
fluence on the maximum bond strength
of strand within the test range of
roughly 5,000 to 9,000 psi. The
conditions of shrinkage were approxi-
mately the same for all test specimens.
8.6 EFFECT OF INCREASING LATERAL
PRESSURE ON BOND OF PLAIN WIRE AND
STRAND AT SLIPS LARGER THAN 0.15 IN.
The pull-out tests reported so
far were performed under a constant
lateral pressure and were usually
discontinued when the strand or wire
had slipped by of 0.15 inches. A
variation of the test procedure was
used in some of the tests. At a slip
of 0.15 in., the test was continued
by raising the lateral pressure,
which had been constant until then,
by 500 psi. After keeping the pres-
sure constant at the new level for
approximately 30 seconds, the pres-
sure was raised by another 500 psi.
This step-by-step increase of lateral
pressure was continued until either
the concrete prism broke, or the
leakage of oil became excessive.
To illustrate the test procedure,
two typical force-time relationships,
as recorded by the plotter of the
testing machine, are shown in Figure
8.9 for plain center wire and for
strand. Neither of the two relations
are plotted to scale. The testing
machine traveled at a constant speed
of 0.05 in./min throughout the whole
test.
Initially, the load increased
without measurable slip until reach-
ing point A. This point represents
the initial bond force. The rate at
which the pull-out force increased
was relatively low at the beginning
of the test. This indicated the
tightening of the end anchorage and
the joints of the test setup. At
point A, the load dropped suddenly to
a value far below the initial bond
force. From this point on, the force
decreased gradually for plain wire,
until it reached point B. In tests
with strand, the force increased
steadily after the abrupt drop at A.
In the range between points A and B,
the force and the slip ceased being
smooth functions of the time. The
slip of the strand or wire in this
region may be described most fittingly
as stick-slip motion, a term which is
understood without further explanation
by looking at the alternating build-up
and drop of the bond force indicated
in Figure 8.9.
At point B, a slip of 0.15 in.
was developed. Instead of ending
the test at B, the lateral pressure
was raised by 500 psi (e.g. from
1,000 psi to 1,500 psi in Figure
8.9). The bond force responded
immediately to the applied pressure
and increased to P2. After reaching
the new maximum, P2, the bond force
dropped a little, and a stick-slip
type of motion started again. An-
other increase of the lateral pres-
sure by 500 psi raised the bond force
to P and so forth, until at point C
the test was terminated by leakage,
or failure of the concrete prism.
It was a characteristic feature of
the tests that, for plain wire, the
bond force in the stick-slip region
tended to decrease at all levels of
lateral pressure, while it tended
to increase for strand.
Untrauer and Henry investi-
gated the influence of normal pres-
sure (ranging from 0 to 2,370 psi)
on bond of deformed bars. The bond
strength was found to increase in
proportion to the square root of the
normal pressure, in contrast to the
linear relationship indicated by the
tests reported here. However, the
stress conditions in the tests and
the steel specimens were not direct-
ly comparable. The test specimens
used by Untrauer and Henry consisted
of 6-in. concrete cubes with the
deformed bar (No. 6 or No. 9) em-
bedded in the center over the whole
length of the specimen. The lateral
pressure was applied to two parallel
faces of the bond specimen using
spherically seated bearing plates.
It should be noted that this loading
system was basically uniaxial as com-
pared to the biaxial system described
in this report. However, because of
the frictional restraint between the
concrete specimen and the loading
plates, the state of normal pressure
was probably not uniaxial.
IX. EFFECT OF TIME
9.1 INTRODUCTORY REMARKS
The standard pull-out tests
were performed within a short period
of time (approximately 5 to 10 min-
utes) while the concrete was still
relatively young (8 to 24 days). In
order to study the influence of time,
three series of tests were made to
investigate two effects:
(1) the age of the concrete at
the time of the test;
(2) sustained loading.
Both effects were studied using 7/16-
in. strand. The effect of the age of
the concrete was discussed in Section
6.5. The effect of sustained loading
will be discussed in the following
section.
9.2 EFFECT OF SUSTAINED LOAD ON BOND
The basic pull-out specimen
described in Section A.3 was used
to investigate the bond properties of
strand under sustained load. The
test setup developed for sustained
loading is shown in Figure A.7.
The pull-out specimen with a bonded
length of I in. was loaded using a
cantilever system. The trail-end
slip of the strand versus the con-
crete was measured with a 0.0001-in.
dial indicator. The applied load,
which could be varied either by
changing the weight or the length of
the lever arm, could be determined
with an accuracy of plus or minus
20 lb.
The test procedure was as fol-
lows: three short-time pull-out tests
were conducted on identical systems;
the average initial bond force (at a
slip of 0.0001 in.) was determined
from the data obtained; the long-time
test specimens, cast from the same
batch, were then loaded to different
percentages of the initial bond force
determined from the first three speci-
mens; this load was kept constant
throughout the duration of the test;
the slip was measured continually.
The first of the three test
series, SAL12-1, was a pilot series.
The tests were discontinued after a
period of four months. The specimens
of Series SAL 1-2 and SBL12-1 were
observed over a period of 15 months.
Figure 6.13 shows the average
unit bond force-slip relationship for
the three specimens of Series SAL12-1
tested at an age of 12 days to deter-
mine the short-time bond character-
istics. The concrete cylinder
strength was 6,000 psi. Based on the
initial bond strength of these speci-
mens, loads ranging from 60 to 115
percent of the initial short-time
load were applied to ten long-time
specimens.
The slip time relationships are
plotted for all ten specimens of
Series SAL12-1 in Figure 9.1. Some
of the relationships indicate a
negative slip. This was caused by
the method of evaluating the slip
measurements. In the pilot Series
SAL12-1 , the slip was measured with
a dial indicator mounted on top of
the concrete prism, as shown in Fig-
ure A.8. Since the dial readings
included the shrinkage deformation of
the upper half of the concrete speci-
men, the shrinkage deformation had
to be subtracted from the slip
measurements. Shrinkage deformations
were measured on three specimens of
Series SAL12-1 as indicated in Fig-
ure 9.2. Since the order of magni-
tude of the time-dependent slip was
comparable with the scatter of the
shrinkage deformations, this proce-
dure led to negative slips in some
cases.
For the two test series, SAL 1-2
and SBL12-1, another test setup was
used to eliminate the effect of shrink
age deformations on slip measurements.
The dial indicator was clamped with
a frame to the concrete in the mid-
dle of the specimen (Figure A.7).
Thus, the dial recorded the slip of
the strand, bonded only in the center
of the specimen, as opposed to the
concrete at the same level.
The data in Figure 9.1 indicate
that specimens loaded to approximately
100 percent of their initial bond
strength did not slip significantly
within the time period of observation.
The two specimens loaded to 110 and
115 percent of the initial bond
strength developed a significant slip
with time. The specimen loaded to
110 percent developed a slip of 0.0008
in. after three days, 0.0015 in.
after three weeks, 0.0052 in. after
eight weeks, and failed completely
immediately thereafter. The specimen
loaded to 115 percent developed a slip
of 0.003 in. after three days, 0.015
in. after three weeks, and 0.21 in.
after eight weeks.
Test Series SAL11-2 and SBL12-1
consisted of five specimens each.
At the time the specimens were loaded,
at ages 11 and 12 days, the concrete
strength was 6,500 and 8,700 psi,
respectively. Average bond force-
slip relationships obtained from
three short-time tests of each series
are shown in Figure 6.14.
The slip-time relationships de-
veloped by the specimens of Series
SALIl-2 and SBL12-1 are presented in
Figure 9.3 and 9.4. The slip was
plotted to a logarithmic scale in
order to be able to show the total
slip of all specimens. One test of
Series SBL12-1 with a load of 105
percent of the initial bond strength
was discontinued after a period of
ten weeks when the test setup was
disturbed.
The logarithmic plots may give
a false impression of the actual slip-
time relations, especially in Series
SBL12-1. To get a better perspective,
the slip of the three specimens of
Series SALII-2 and SBLI2-1 that did
not slip by a large amount immediately
after the application of the load is
plotted to a linear scale in Figures
9.5 and 9.6.
The two figures (9.5 and 9.6) in-
dicate that up to one half year no
significant slip (less than 0.001 in.)
developed. This slip most likely
reflected inelastic deformations due
to creep and shrinkage of the annular
console of concrete which embraces
the bonded length of the strand (Fig-
ure A.8) .
The following observations may
be made concerning the three series
of sustained load tests:
(a) The initial bond strength
is sensitive to time (Figure 9.6).
(b) The initial bond strength
may reduce with time to 80 or 70 per-
cent of its initial value. In view
of the fact that three specimens of
Series SAL11-2 did not slip over the
whole period of observation lasting
15 months, although they were loaded
from 80 to 90 percent of the initial
bond strength, the assumed reduction
may be considered as conservative.
It should be noted, however, that the
sensitivity of the initial bond
strength to time depends on the type
of concrete.
(c) The reduction of the initial
bond strength may occur a considerable
time after the application of the
sustained load. In the case of Series
SBLl2-1, the reduction took place
after a period of approximately one-
half year.
(d) The concrete immediately
surrounding the bonded length of
strand in the specimens of Series
SBL12-1 was cracked to a larger ex-
tent than the concrete in the speci-
mens of Series SAL11-2. This is
shown with two typical photographs
in Figures 9.7 and 9.8. The cracks
were made visible by treating the
concrete surface with a fluid con-
taining luminescent particles and by
illuminating the surface with ultra-
violet light.
(e) Specimens which slipped
immediately after the application of
the load seemed to reach a state of
equilibrium at a slip of approximately
0.1 inches.
The phenomena observed above
may be understood by considering the
stress conditions existing in a cross
section of the pull-out specimen.
The concrete of the specimen will
shrink with time. As a result, radial
compressive stresses will develop
at the contact between the concrete
and the comparatively rigid strand.
At the same time, circumferential
tensile stresses will develop in the
concrete. A theoretical distribution
of such circumferential stresses
based on an elastic solution (Appen-
ix C.3) is shown in Figure 9.9.
Chapter 8 showed that the initial
bond strength depends on the contact
pressure between the strand and the
concrete. Consequently, it must be
assumed that the initial bond
strength will increase as shrinkage
progresses with time unless the
circumferential stresses in the con-
crete in the immediate vicinity of
the strand exceed the tensile strength
of the concrete. In that case,
radial cracks will develop and cause
the normal contact stress between
strand and concrete to decrease. The
resulting bond strength will be less
than that during the uncracked stage.
The above considerations lead to
the conclusion that shrinkage has a
beneficial influence on the initial
bond strength as long as it does not
exceed the tensile strength of the
concrete. If cracks develop, the
majority of the favorable influence
of shrinkage on bond will be lost.
In the light of the foregoing
explanation, the difference in the
test results of Series SAL 1-2 and
SBL12-1 may be understood. The ten-
sile strength of the concrete was
almost identical for both series
(Table B.2), however the shrinkage
strains differed by 20 to 25 percent
(Figures 9.10 and 9.11). It is
therefore plausible that shrinkage
stresses exceeded the tensile
strength in Series SBL12-1 (after a
period of one-half year) and led to
severe cracking but did not exceed
the tensile strength in Series
SAL 11 -2.
Theoretically, it is very dif-
ficult to predict the time at which
severe radial cracking will take
place. Even if the shrinkage-time
relation is known for the concrete
near the surface of the specimen
(Figures 9.10 and 9.11), the rate and
amount of shrinkage near the center
of the specimen will be uncertain.
Furthermore, the prediction of the
stress build-up at the contact be-
tween strand and concrete due to
shrinkage is complicated by the fact
that the stresses are continually
reduced by creep.
Observation (e) above seems to
indicate that the bond strength is
less sensitive to time at large slips
(approximately 0.1 in.). Apparently,
the rate at which the bond-slip rela-
tionship increases at large slips
(Figure 5.1) will suffice to prevent
further movement.
X. EFFECT OF SHAPE OF STRAND
10.1 INTRODUCTORY REMARKS
As strand moves axially w
respect to the concrete in whi
is embedded, it rotates about
own axis. If the concrete spe
and the point where the strand
gripped, are restrained from r
a torque is generated in the s
as it slips. The relation bet
the rotation of the strand in
concrete and the axial slip ca
determined theoretically if th
crete is assumed to provide a
pletely rigid channel. The an
6 through which the strand rot




where s = axial slip and p = p
of the strand in inches. The
of rotation is a typical prope
the size or, more accurately,
pitch of the strand.
The rotation-slip relatio
of four different strand sizes
measured in over 200 tests as
scribed in Section A.6. The a
rotation for each strand size
plotted versus the axial slip
Figure 10.1. The measured data agree
ith with the theoretical values.
ch it The magnitude of the torsional
its moment that is generated in strand,
cimen, under the conditions mentioned above,
is depends on the stiffness of the cross
otation, section and the pitch of the strand.
trand The results of test Series SA08-5
ween (Section 3.3) indicated that this
the torsional moment has very little
n be influence on the bond strength of
e con- strand as measured in the pull-out
com- tests. Despite the apparent insensi-
gle tivity of bond to the torsional stif-
ates fness of strand, it was desirable for
a better understanding of bond to
study the effect of the torsional
stiffness and the shape of the strand
(10.1) in more detail. For this purpose,
tests with twisted square steel bars
itch and straight (nontwisted) strand were
amount performed.
rty of
the 10.2 TESTS WITH TWISTED SQUARE STEEL
BARS
nships Seven-wire strand is usually
were manufactured with a standard pitch
de- for each strand size. Because there
verage was a desire to vary the pitch,
was strand was not suitable for this in-
in vestigation. Instead, cold-rolled,
solid, square steel bars were chosen
which were twisted on a lathe by
different amounts as described in
Section A.2.4. The bar cross section
was 5/16 in. square. The amount of
twist was expressed in terms of the
angle a which was formed by the
helical edges of the twisted bar and
its axis. Pull-out tests were con-
ducted in the same manner as with
strand. The bonded length was I inch.
Series QB09-1 consisted of 17
pull-out tests: three concrete spec-
imens contained untwisted bars,
three contained bars with twist angles
of 8 to 14 degrees, three specimens
contained bars with twist angles of
27 to 29 degrees, and the rest con-
tained bars with angles of 36 to 46
degrees. The twist angles differed
within each group, because it was not
possible to control the amount of
twist on the lathe exactly. Further-
more, the angle of twist varied
slightly along the length of a given
bar for reasons stated in Section
A.2.4. Although the bars were bonded
over a length of I in. only, this
nonuniformity was reflected in the
scatter of the individual test results
(Figures B.50 through B.51).
The average bond-slip relation-
ships of Series QB09-1 are plotted
in Figure 10.2 and 10.3. It was
necessary to show the results in two
graphs, with the slip plotted both
to a linear and a logarithmic scale,
in order to emphasize the differences
at very small slips as well as at
large slips. The graphs contain two
major groups of tests:
(a) The concrete specimens were
allowed to rotate during the test
(a = 0°, 110, 280, 38°, 44°). The
average results are represented by
solid lines.
(b) The concrete specimens were
restrained from rotating (a = 37°,
46°). The results are shown with
broken lines.
Within group (a), the initial
bond force increased only slightly
with the twist angle. The maximum
bond force, however, was influenced
significantly by the twist angle.
After the peak force was reached at
slips smaller than 0.007 in., the
load dropped suddenly and approached
a nearly constant bond force which
was 30 to 70 percent lower than the
maximum bond force.
Group (b) consisted of only
three specimens (a = 370, 37.50°, 460)
which displayed completely different
bond-slip characteristics (Figure
10.3). The initial bond forces at a
slip of 0.0001 in. were of nearly the
same magnitude as that of the test
specimens with comparable twist
angles of the first group. However,
while the bond forces of the freely
rotating specimens dropped off at
slips smaller than 0.007 inches, the
bond force of the rigidly held speci-
mens kept rising with increasing slip.
The maximum bond force developed by
the restrained specimens was several
times greater than the bond force of
identical but freely rotating speci-
mens. This demonstrates effectively
the influence of the torsional stif-
fness on bond. Twisting of the bars,
in the torsionally restrained case,
led to increased contact pressures
between the steel and the concrete
which, in turn, improved the bond
strength. In the unrestrained case,
any build-up of horizontal restraints
was prevented by the freely rotating
concrete specimen. Therefore, the
torsional stiffness of the bars did
not affect the bond strength.
The maximum bond force of the
torsionally restrained specimens was
approximately 3,500 lb. Immediately
after reaching the peak force, the
load dropped. The bars stopped twist-
ing and were ripped out of the con-
crete like deformed bars. This is
demonstrated by the twist-slip rela-
tionships plotted in Figure 10.4.
Exactly at the slip values at which
the load started to drop, the twist-
slip relations of the restrained
specimens turned into horizontal
lines. This indicated that the con-
crete embedment was not rigid enough
any more to enforce a further twist-
ing of the steel. The crushing of
the concrete keys between two neigh-
boring generators of the twisted bar
resulted in a friction surface that
was rough enough to cause the bond
force to decrease at a relatively
slow rate. The high amount of
friction kept the twisted bar from
instantly rotating back to its orig-
inal position. A slight rotation
with reversed trend is indicated
however by the twist-slip relations
in Figure 10.4.
Summarizing the results of the
foregoing investigation, it may be
concluded that the torsional stiff-
ness and the pitch are important
factors for the bond strength of
those bars that tend to rotate when
being subjected to bond forces. The
pitch of the bar determines the rela-
tionship between the axial slip and
the amount of rotation (Equation 10.1).
Furthermore, for a given torsional
stiffness of the bar, the pitch deter-
mines the magnitude of the contact
pressure, and consequently the in-
crease in bond strength. Vice versa,
the bond strength that can be developed
for a constant pitch is proportional
to the stiffness of the bar until
either the cross section yields or
the concrete is crushed under the
high contact pressures.
10.3 TESTS WITH STRAIGHT (NONTWISTED)
STRAND
The nature of the bond-slip re-
lation of strand differed significantly
from that found for plain wire (Fig-
ure B.l). Since the torsional stiff-
ness of strand seemed to be too small
to affect the bond strength of strand
to a greater extent (Section 3.3),
the bond-slip characteristics of
strand must be influenced by the cross
sectional shape, or the group arrange-
ment of the wires. In order to in-
vestigate this effect, pull-out tests
with straight, nontwisted strand were
performed.
The straight strand was fabricated
in the laboratory by assembling sev-
eral straight wires to a parallel
bundle. Grouping of three or seven
wires resulted in straight three or
seven-wire strand. The individual
wires were cut from the untwisted
center wire of twisted 7/16-in.
strand. In order to keep the group
of wires in touch during casting,
and to assure a uniform slip of all
individual wires during the test,
the wire bundle was tack-welded ap-
proximately 2 in. below and above
the bonded length. The dimensions
of the pull-out specimens were iden-
tical to the standard specimens.
Series UA09-1 consisted of three
specimens with straight seven-wire
strand and two specimens with straigh
three- and seven-wire strand are
plotted in Figure 10.5. The results
are compared with the average bond-
slip relationship found for single
center wires of strand in Series
WA08-1. The wires tested in a group
developed a higher initial bond stres
than a single wire. Grouping of the
wires also apparently affected the
nature of the whole bond-slip rela-
tion. While the bond strength of the
single wire decayed rapidly after
the initial bond was exceeded, the
bond stress of the straight strand
decreased only slightly. Beyond a
slip of approximately 0.01 to 0.03
inches, the bond stress increased
again.
In Figure 10.6, the unit bond
force-slip relations of the straight
strands are compared with the average
unit bond force-slip relation of
regular 7/16-in. strand. The initial
bond forces of the seven-wire strands
were almost identical. The shape of
the bond-slip relations was comparable
throughout the whole range of slip.
The unit bond force of the straight
three-wire strand, of course, was
less than that of the seven-wire
strand because of the difference in
the bonded area.
A comparison of the characteristic
shapes of unit bond force-slip rela-
tionships for regular strand, straight
strand, and plain wire is presented
in Figure 10.7.
XI. ON THE NATURE OF BOND BETWEEN STEEL
AND CONCRETE
11.1 GENERAL CONCEPT OF BOND
Bond between steel and concrete
has been investigated for almost a
century, yet the understanding of its
nature is still incomplete. The dif-
ficulty in developing a clear concept
of bond lies the fact that the sources
of bond are microscopic in nature.
Although, as practice shows, it is
not absolutely necessary to under-
stand the nature of bond, in order
to arrive at a satisfactory design
with the aid of relevant bond tests,
a thorough knowledge of the sources
of bond would help reduce the amount
of required testing; and make it
possible to predict and understand
the influence of variables to which
bond is most sensitive.
The following hypotheses for
the nature of bond is based on exper-
iments and theories which were re-
ported, especially in the past few
years, in the literature about fric-
tion 8, '19, 20) In order to ex-
plain the mechanism of bond, two
basic types of contact between two
solid materials will be discussed:
(a) When two solid materials
are placed in contact, they will
touch each other only at certain
points, no matter how smooth the sur-
faces of contact may appear (Figure
11.1a). The individual area at which
actual material-to-material contact
exists is commonly called the junc-
tion. The summed area of the junc-
tions is generally very small compared
with the apparent area of contact.
If a force perpendicular to the plane
of contact exists, and one body is
moved with respect to the other one,
parallel to the plane of contact, a
force is required to overcome a cer-
tain resistance to motion. This
resistance is known as friction. It
is determined by the shear strength
in the junctions (i.e. the real areas
of contact). If the friction force
is exceeded, shearing may take place
either through the junctions, or if
one material has less shear strength
than the junction itself, the material
may shear close to the junction. The
friction force remains approximately
constant asa sliding progresses, be-
cause a new set of junctions is formed
immediately after the destruction of
an existing set.
A finite area of contact in the
junctions is formed only if a lateral
force presses the two materials to-
gether. Because of the small area
of contact, it may be assumed that
the stresses in the junctions are so
high, even at extremely small lateral
forces, that the material near the
junctions yields. Assuming, further-
more, that the yield stress of the
material remains approximately con-
stant, it may be deduced that the
real area of contact increases in
direct proportion to the lateral
force. Consequently, the friction
force, which depends on the actual
shear area, is a linear function of
the lateral force. This approach
assumes that the unit shear strength
of the junctions is not enhanced by
the confining effect of the normal
force.
(b) When a solid material,
like steel, is cast into a viscous
material that hardens after some time,
like concrete, the contact between
the two materials is, in contrast to
the above condition, continuous
(Figure 11.1b). The two materials
are solidly interlocked with one
another. If in this case a force
parallel to the plane of contact is
applied to one of the bodies while
the other one is fixed, the material
with the smaller shear strength
shears off through a plane determined
approximately by the peaks of the
surface of the stronger material.
Because the area of contact between
the two materials is independent of
the lateral force, no contact pres-
sure is required to provide an initial
resistance to sliding.
Since the conditions of contact
differ from those described in case
(a), the phenomenon of the initial
shear failure of the interlocks should
be distinguished from the phenomenon
of friction. The two cases described
differ basically only in the initial
stage of sliding, because after the
shear keys have failed in case (b),
a system of two solid bodies sliding
on one another is generated. The con-
tact is established by junctions
formed by the rough edges of the fail-
ure surfaces. This is a true case
of friction.
Bond between steel and concrete
may be said to consist of two principal
phases: an initial interlocking
phase, as described in case (b) , and
a frictional sliding phase, as de-
scribed in case (a). The initial
shear failure will take place in a
plane through the tips of the steel
keys because the shear strength of
concrete, or rather cement paste, is
lower than that of steel. Since it
may be assumed that after the failure
the indentations in the surface of
the steel are still filled with con-
crete sliding on concrete (Figure
11.1c) which becomes a problem of
friction.
After the initial shear failure
of the interlocking concrete keys,
the contact surface is relatively
rough. Further sliding leads to an
abrasion of the concrete surfaces by
which loose wear particles are formed
between the two solid concrete layers.
The amount of abrasion increases with
the distance of sliding. It may be
assumed, therefore, that after some
slip a thin layer of loose wear par-
ticles has formed between the sliding
surfaces (Figure 11. Id).
The following sections will in-
vestigate the above concept in detail,
and each phase of bond will be re-
lated to the results of the bond
tests.
11.2 SURFACE ROUGHNESS OF STEEL
The surface of an apparently
plain bar, produced either by rolling,
drawing, or even machining, is marred
by a complex of microscopic deforma-
tions. Rehm measured the inden-
tations on the surface of various
reinforcing steels with a profile
meter, an apparatus that records the
vertical movements of a fine needle
while it is transversing the surface.
The radius of the tip of the needle
used was 0.001 inches, so that only
indentations with openings larger
than 0.002 in. could be recorded.
The measured surface profile of
cold drawn wire showed indentations
with a maximum depth of approximately
0.0008 in. (Figure D.1). Rehm re-
ported that numerous surface measure-
ments indicated that the depth-to-
width ratio of the indentations re-
mained roughly constant. This ratio
measured for cold drawn wire was,
according to the profiles reported
by Rehm, approximately 1:10 to 1:15.
11.3 INTERLOCKING BETWEEN STEEL AND
CONCRETE
After showing the steel surface
of prestressing wire is relatively
rough despite its smooth appearance,
*Epitaxy: oriented growth of one
crystalline substance on a substrate
of a different crystalline substance.
it is not difficult to imagine that
a firm physical interlocking takes
place between the steel and the--
initially semi-liquid, later harden-
ing--concrete.
An investigation by Martin(21)
indicated that the interlocking is of
a much more complex nature than that
produced merely by the physical rough-
ness of the steel surface. Martin
presented a theory, based mainly on
pictures taken with an electron mi-
croscope of the contact surface be-
tween steel and cement mortar, which
assumes that water together with dis-
solved calcium-hydroxide and other
dissolved substances of the fresh
cement paste penetrate the complete
oxide layer of the steel. The oxide
layer, which covers every steel sur-
face after being exposed to air for a
short time, is so porous and coarse
in its structure that penetration is
very easy. The penetration is most
probably a simple diffusion. Silicon
and calcium do not only move through
the oxide layer but are built into the
surface of the metallic iron. The
movement of the dissolved components
of the cement through the oxide layers
leads to various types of reactions.
Adsorptions along boundary surfaces,
recrystallizations in intermediate
layers, and epitaxies* at the pure
metal result in an extremely inter-
locked structure between steel and
cement.
According to Martin, the inter-
locking of steel and concrete has not
only a physical but also a strong
chemical nature. Because of this in-
tense interlocking it should be
expected that a certain bond force
can be applied to a plain wire embed-
ded in concrete before measuring any
slip. The typical characteristic of
the measured bond-slip relationships
of plain cetner wires of 7/16-in.
strand was indeed such that the bond
force increased initially without
measurable slip (Figure 11.2). After
developing a bond stress in the order
of 300 to 400 psi (applied lateral
pressure = 0), the bond force drop-
ped suddenly. At the same time, a
large slip took place. This abrupt
change in bond force suggests that
the interlocking structure failed at
that point and that the bond force
developed from then on was a matter
of sliding friction.
For the following discussion of
the initial shear failure, the simple
conceptual model of a physical inter-
locking between steel and concrete
will suffice. The test results of
Figures 8.2 and 8.3 indicate that
the initial bond strength (i.e., the
bond strength at which shearing of
the interlocking structure takes
place) increases with the magnitude
of the lateral confining pressure.
The relationship appears to be linear
(Figure 8.4). It follows that the
shear strength of the concrete keys,
interlocked with the indentations of
the steel surface, is affected by
the lateral pressure.
A simple calculation will con-
firm the trend observed in the tests.
A simplified cross section through
a concrete-steel interlocking at the
microscopic level is shown in Figure
11.3a. It may be assumed that the
concrete shears through a plane as
indicated in the figure. An element
in the region of the shear failure is
subjected to a known normal stress a ,
an unknown normal stress a , and an
unknown shear stress T (Figure
xy
11.3b). Since the magnitude of both
o and y is unknown, let a be a
x xy x
certain portion of T (i.e. a =
xy x
cT ). Also assume that the shear
xy
failure occurs when the principal
tension in the element exceeds the
tensile strength of the contrete.
Thus,
CT +0 cT -0 2
S xy+ ( y c xt y 2+T 2
t 2 2 xy
(11.1)
where a, = principal tensile and ft
tensile strength of concrete. For




c( -f )-fc 2 -ft)2 ft (a -ft
(11 .2)
By assuming a value for the ten-
sile strength of the concrete, the
shear stress may now be plotted as a
function of the lateral stress a
y
for various ratios of c. Figure 11.4
shows that the shear stress increases
with the lateral pressure. The rela-
tionship becomes more and more linear
as the value of c increases.
Any analysis based on a finite-
element method was used to determine
the stress distribution in a concrete
key of an assumed rectangular shape
(Appendix D). The results indicated
that the ratio c was approximately
0.5 (Figures D.5 through D.7). For




COMPARISON OF EXPERIMENTAL AND CALCULATED DATA FOR
Prestress before Release (ksi)
Effective Prestress (ksi)
L(90) measured
at Release End (in.)
L(90) measured





at Release End (in.)
End Slip measured











































































A 1:2.8:3.1 0.65 1.5 5380 400
B 1:1.0:1.6 0.40 1.5 7570 460
C 1:4.7:4.7 1.05 1.5 2370 230
D 1:3.3:3.5 0.65 0.3 5750 410
E 1:2.6:2.8 0.65 7.1 4970 400











































based on average weight per foot
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CONCRETE PROPERTIES OF PRESTRESSED BEAMS
Beam Slump Age at Release Modulus of Compressive Splitting
of Prestress Elasticity Strength Strength

















TEST DATA FOR PRETENSIONED PRESTRESSED BEAMS
Beam






at Release End (in.) North
L(90) measured South




End Slip measured South
at Release End (in.) North
End Slip measured South
at Fixed End (in.) North
169.7 168.7 165.7 160.1
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FIGURE 1.1 CROSS SECTION OF
STRAND CAST IN CONCRETE
Slip, in.
FIGURE 3.1 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF
STRAND FOR VARIOUS BONDED LENGTHS, SERIES: SA09-1, SA09-2
Slip, in,
FIGURE 3.2 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF STRAND FOR VARIOUS
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FIGURE 3.3 AVERAGE FORCE-SLIP RELATIONSHIPS OF 7/16-IN.






FIGURE 3.4 AVERAGE FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
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FIGURE 3.5 AVERAGE UNIT BOND FORCE
VS. TRAIL-END SLIP RELATIONSHIPS FOR
DIFFERENT BONDED LENGTHS,
SERIES: SA09-18
FIGURE 3.6 AVERAGE UNIT BOND FORCE
VS. TRAIL-END SLIP RELATIONSHIPS FOR
DIFFERENT BONDED LENGTHS,
SERIES: SA10-19
FIGURE 3.7 AVERAGE UNIT BOND
FORCE-SLIP RELATIONSHIPS OF
7/16-IN. STRAND FOR DIFFERENT
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FIGURE 4.1 AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR CENTER WIRES








FIGURE 4.2 AVERAGE BOND STRESS-SLIP RELATIONSHIPS OF PLAIN WIRE










FIGURE 4.3 AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR CENTER
WIRES OF 7/16-IN. STRAND, SERIES: WAP15-1, WAP17-2, WBP66-1
Slip, in.
FIGURE 5.1 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS







FIGURE 5.2 NOMINAL BOND STRESS-SLIP RELATIONSHIPS
FOR STRANDS OF DIFFERENT DIAMETERS
_ Mean + Two Standard Deviations
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FIGURE 5.3 VARIATION OF MEAN, CONFIDENCE INTERVALS
AND MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE
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FIGURE 5.4 VARIATION OF MEAN,CONFIDENCE INTERVALS OF MEAN,
AND MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE FOR TESTS
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FIGURE 5.5 VARIATION OF MEAN, CONFIDENCE INTERVALS OF MEAN,
AND MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE FOR TESTS
WITH CONCRETE MIX C (AVG. fc = 2,370 psi)
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FIGURE 5.6 VARIATION OF NOMINAL BOND STRESS
WITH STRAND DIAMETER AND CONCRETE STRENGTH
1200
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FIGURE 5.7 AVERAGE UNIT BOND FORCE VS. STRAND DIAMETER
FOR VARIOUS SLIPS AND CONCRETE STRENGTHS
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FIGURE 6.1 VARIATION OF BOND STRENGTH WITH
CONCRETE STRENGTH FOR PLAIN WIRE IN PERCENT
OF THE BOND STRESS OBTAINED WITH A CONCRETE
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FIGURE 6.3 VARIATION OF BOND STRENGTH WITH







FIGURE 6.4 VARIATION OF BOND STRENGTH WITH












FIGURE 6.5 VARIATION OF BOND STRENGTH WITH










FIGURE 6.6 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH
FOR STRAND IN PERCENT OF THE BOND STRENGTH OBTAINED WITH A
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FIGURE 6.7 VARIATION OF BOND STRENGTH WITH
CONCRETE CONSISTENCY FOR 7/16-IN. STRAND
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FIGURE 6.8 VARIATION OF BOND STRENGTH WITH CURING CONDITIONS
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FIGURE 6.10 VARIATION OF BOND STRENGTH WITH CURING CONDITIONS
OF CONCRETE FOR CENTER WIRE (OF 7/16-IN STRAND) AND 7/16-IN
STRAND, AGE OF CONCRETE: 18 DAYS, SERIES: WB18-2, SB18-4
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FIGURE 6.11 VARIATION OF BOND STRESS WITH AGE OF CONCRETE
FOR PLAIN CENTER WIRE OF 7/16-IN. STRANDi , SERIES:
WA08-1, WAP15-1, WAP17-2, WBP66-1, WB08-1
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FIGURE 6.12 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE
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FIGURE 6.13 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE
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FIGURE 6.14 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE
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FIGURE 6.15 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE
FOR 7/16-IN. STRAND






FIGURE 7.1 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.

























































FIGURE 8.1 INFLUENCE OF PRESSURE-TEST SETUP ON UNIT BOND FORCE-SLIP









FIGURE 8.2 AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR CENTER WIRE
FROM 7/16-IN. STRAND UNDER VARIOUS LATERAL PRESSURES,
Regular Pull-Out Test
Pressure-Test Setup
I I , I i I
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AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR CENTER WIRE









Applied Lateral Pressure, psi
FIGURE 8.4 VARIATION OF INITIAL BOND STRESS WITH LATERAL PRESSURE
FOR CENTER WIRE FROM 7/16-IN. STRAND,
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FIGURE 8.5 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.




AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.








FIGURE 8.7 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
STRAND FOR VARIOUS LATERAL PRESSURES, SERIES: SBP24-1
S/ o
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FIGURE 8.8 VARIATION OF UilIT BOND FORCE WITH LATERAL PRESSURE FOR















FIGURE 8.9 TYPICAL FORCE-TIME CHARTS AS RECORDED BY
THE TESTING MACHINE FOR SPECIMENS WITH PLAIN WIRE AND










FIGURE 9.1 SLIP-TIME RELATIONSHIPS OF 7/16-IN.
STRAND FOR VARIOUS LOADS, SERIES: SAL12-1
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FIGURE 9.2 INCREASE IN SHRINKAGE STRAIN DURING
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FIGURE 9.3 SLIP-TIME RELATIONSHIPS OF 7/16-IN.
STRAND FOR VARIOUS LOADS SERIES: SAL11-2
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FIGURE 9.4 SLIP-TIME RELATIONSHIPS OF 7/16-IN. STRAND
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FIGURE 9.5 SLIP-TIME RELATIONSHIPS OF 7/16-IN. STRAND
FOR VARIOUS LOADS, SERIES: SAL11-2
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FIGURE 9.6 SLIP-TIME RELATIONSHIPS OF 7/16-IN. STRAND
FOR VARIOUS LOADS, SERIES: SBL12-1
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FIGURE 9.7 TYPICAL CRACKS ALONG BONDED
LENGTH OF SPECIMENS FROM SERIES SAL11-2
FIGURE 9.8 TYPICAL CRACKS ALONG BONDED






FIGURE 9.9 THEORETICAL DISTRIBUTION OF CIRCUMFERENTIAL STRESSES
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FIGURE 9.10 INCREASE IN SHRINKAGE STRAIN DURING
SUSTAINED-LOAD TEST, SERIES: SAL11-2
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FIGURE 9.11 INCREASE IN SHRINKAGE STRAIN DURING
SUSTAINED-LOAD TEST, SERIES: SBL12-1
Slip , in.
FIGURE 10.1 AVERAGE ROTATION-SLIP RELATIONSHIPS









(a) Concrete specimens free to rotate:
(1) - 00° 3 tests
(2) l = 11°, 3 tests
(3) ' = 280, 3 tests
(4) y = 38 , 4 tests
(5) a = 44o, 1 test
(b) Concrete specimens restrained from rotation
(6) a = 370, 2 tests
(7) = 146°, 1 test
FIGURE 10.2 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 5/16-IN.


























specimens restrained from rotation:
370, 2 tests
460, 1 test
FIGURE 10.3 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 5/16-IN.
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FIGURE 10.4 AVERAGE ROTATION-SLIP RELATIONSHIPS OF TWISTED 5/16-IN.








FIGURE 10.5 AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR
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FIGURE 10.6 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS FOR
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Slip,in.
FIGURE 10.7 COMPARISON OF UNIT BOND FORCE-SLIP RELATIONSHIPS OF
"STRAIGHT" (NONTWISTED) STRAND, REGULAR 7/16-IN. STRAND,
AND PLAIN CENTER WIRE FROM 7/16-IN. STRAND,
SERIES: UA09-1
19nn
(o) Contact Between Two Solid Bodies
/Steel
Concrete
(b) Contact Between Steel and Concrete
(c) Forming of a Shear Plane in The Concrete
(d ) Forming of a Layer of Abrasive Wear Particles
FIGURE 11.1 ASSUMED PHASES DURING A BOND FAILURE











FIGURE 11.2 AVERAGE BOND STRESS-SLIP RELATIONSHIPS OF CEfNTER WIRES
FROM 7/16-IN. STRAND FOR VARIOUS LEVELS OF LATERAL PRESSURE,
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11.3 SIMPLIFIED STRESS CONDITIONS
INTERLOCKING CONCRETE SHEAR KEY
0 1000 zuuo UUU 40u
O-y , psi
FIGURE 11.4 SHEAR STRESS VS. LATERAL PRESSURE











BOND MECHANISM FOR A DEFORMED BAR
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Applied Lateral Pressure, psi
FIGURE 11.6 VARIATION OF FRICTION COEFFICIENT WITH LATERAL PRESSURE
AFTER A SLIP OF 0.15 IN. HAD DEVELOPED
Deformed
Bar
Sf 1c6 = 6100 psi
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INITIAL UNIT BOND FORCE VS. STRAND DIAMETER
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Strand Diameter, in.
FIGURE 12.3 INITIAL UNIT BOND FORCE OF 7/16-IN. STRAND
VS. APPLIED LATERAL PRESSURE













Twist Angle oC , Degrees
FIGURE 12.4 INITIAL UNIT BOND FORCE VS. TWIST ANGLE
FOR 5/16-IN. SQUARE BARS
FIGURE 12.5 A CONCEPTUAL MODEL FOR SLIDING BOND OF STRAND
v\^
FIGURE 12.6 ASSUMED FORCE DISTRIBUTION
ON CROSS SECTION OF SQUARE BAR
DUE TO UNTWISTING OF THE BAR
8FIGURE 12.7 VARIATION OF
SPRING CONSTANT k WITH
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FIGURE 12.8 CALCULATED VS. MEASURED











FIGURE 12.9 TEST SETUP FOR DETERMINATION



















STRAND FOR VARIOUS LENGTHS OF STRAND
FIGURE 12.11 ASSUMED FORCE DISTRIBUTION ON CROSS SECTION
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FIGURE 12.12 TYPICAL BOND-SLIP RELATIONSHIPS OF 7/16-IN.
STRAND AND CENTER WIRE FROM THE SAME STRAND
FIGURE 12.13 RANDOM CROSS SECTION,
A, THROUGH PULL-OUT SPECIMEN
OF SERIES SA09-18
FIGURE 12.14 CROSS SECTION THROUGH
THE SAME SPECIMEN AS SHOWN IN FIGURE




FIGURE 12.15 RELATIVE VARIATION OF STRAND DIAMETER
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FIGURE 12.16 FAILURE PLANES RELATED TO
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FIGURE 13.1 CALCULATED SLIP DISTRIBUTION ALONG BONDED LENGTH
FOR VARIOUS TRAIL-END SLIPS
Bonded Length,in.
FIGURE 13.2 CALCULATED FORCE DISTRIBUTION ALONG




Trail - End Slip, in.
FIGURE 13.3 CALCULATED AND MEASURED
BOND FORCE VS. TRAIL-END SLIP, SERIES:
Attack - End Slip, in.
BOND FORCE VS. ATTACK-END SLIP, SERIES:
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Distance Along Beam, in.
FIGURE 13.5 CALCULATED STEEL STRESS DISTRIBUTION FOR
7/16-IN. STRAND IN ANCHORAGE ZONE OF PRESTRESSED BEAM
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Distance Along Beam, in.
FIGURE
IN
13.6 CALCULATED SLIP OF 7/16-IN.
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CALCULATED ANCHORAGE LENGTH VS. EFFECTIVE PRESTRESS
Anchorage Length, diameters
FIGURE 14.1 DISTRIBUTION OF ANCHORAGE LENGTHS DETERMINED ON
THE BASIS OF INDIVIDUAL RESULTS FROM PULL-OUT TESTS (EFFECTIVE








Anchorage Length , in.
FIGURE 14.2 ANCHORAGE LENGTHS DETERMINED ON THE
BASIS OF AVERAGE RESULTS FROM PULL-OUT TESTS









FIGURE 14.3 ANCHORAGE LENGTHS DETERMINED ON THE
BASIS OF AVERAGE RESULTS FROM PULL-OUT TESTS
(EFFECTIVE PRESTRESS AFTER RELEASE = 175 ksi)
3/8-in. 7/16-in. 1/2-in, Strand
(Coil I )
\ /4-in. Strand
Cn7 A v 3/8- in.
0 7/16-in. (Coil I)
A 1/2-in,
OVO A




















FIGURE 14.4 DISTRIBUTION OF ANCHORAGE
INDIVIDUAL RESULTS FROM PULL-OUT TESTS
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Grain Size , mm
FIGURE A.1 SIEVE ANALYSIS FOR FINE AND COARSE AGGREGATES
Average Compressive Strength, psi
FIGURE A.2 SPLITTING STRENGTH VS. COMPRESSIVE STRENGTH
FOR 8(or 9)-DAY OLD CONCRETE




FIGURE A.5 TEST SETUP FOR PULL-OUT TESTS
FIGURE A.6 TEST SPECIMEN IN PLACE
FIGURE A.7 TES
FIGURE A.8 TEST SETUP FOR
SPECIMENS WITH BONDED
LENGTHS EXCEEDING 2 IN.
01-in. Dial Indicator
Deformation due to Shrinkage
Deformation of Concrete
Console due to Load
Bonded Length
Deformation due to Shrinkage
and creep
formation due to Load
Ing Clamp
01-in. Dial Indicators
Strand or Wire I Steel Coge
Pressure Vessel I Base for Dial Indicator
SEnd Plate Dial Indicator
FIGURE A.9 TEST SETUP FOR LATERAL-PRESSURE TESTS
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FIGURE B.1 CHARACTERISTIC BOND-SLIP RELATIONSHIPS FOR
7/16-IN. STRAND AND PLAIN WIRE WITH SLIP VALUES
PLOTTED TO LINEAR AND LOGARITHMIC SCALES
Bonded Length: 0.5 in.
Bonded Length: 1.0 in.
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UNIT BOND FORCE-SLIP RELATIONSHIPS OF 1/4-IN. STRAND
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Slip, in.
FIGURE B.3 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 3/8-IN. STRAND
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FIGURE B.4 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND




Bonded Length: 0.5 in.
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FIGURE B.5 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 1/2-IN. STRAND
FOR VARIOUS BONDED LENGTHS,. SERIES: SA09-4
2000
0,0001
FIGURE B.6 UNIT BOND FORCE-SLIP
0.001
Slip, in





FIGURE B.7 UNIT BOND FORCE-SLIP
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FIGURE B.8 UNIT BOND FORCE-SLIP RELATIONSHIPS

















FIGURE B.9 UNIT BOND FORCE-SLIP RELATIONSHIPS



















FIGURE B.10 UNIT BOND FORCE-SLIP RELATIONSHIPS


















FIGURE B.11 UNIT BOND FORCE-SLIP RELATIONSHIPS
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FIGURE B.12 U'NIT BOND FORCE-SLIP RELATIONSHIPS OF








FIGURE B.13 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.









FIGURE B.14 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
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FIGURE B.15 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
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FIGURE B.16 UNIIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAIND
FOR DIFFERENT CONCRETE DEPTHS UNDER THE STRAND, SERIES: SA09-16
Concrete Depth : 2 in.




















FIGURE B.17 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.






FIGURE B.18 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
FOR A BONDED LENGTH OF 1 IN., SERIES: SA09-18













FIGURE B.19 BOND FORCE-SLIP RELATIONSHIPS
OF 7/16-IN. STRAND FOR A BONDED LENGTH OF 3 IN., SERIES: SA09-18
0.0001 0.001 0,01 0,1
Slip, in.
OF 7/16-IN. STRAND
FIGURE B.20 BOND FORCE-SLIP RELATIONSHIPS










BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
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FIGURE B.22 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
FOR A BONDED LENGTH OF 20 IN., SERIES: SA09-18
Tril End Slip
_, L u 0"
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FIGURE B.23 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
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FIGURE B.24 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
FOR A BONDED LENGTH OF 3 IN., SERIES: SA10O-19
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FIGURE B.25 BOIND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
FOR A BONDEDLENGTH OF 8 IN., SERIES: SA10-19
1/4-in, Strand
Slip, in.
FIGURE B.26 UNIT BOND FORCE-SLIP RELATIONSHIPS












FIGURE B.27 UNIT BOND FORCE-SLIP RELATIONSHIPS


















FIGURE B.28 UNIT BOND FORCE-SLIP RELATIONSHIPS



















FIGURE B.29 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
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FIGURE B.30 UNIT BOND FORCE-SLIP RELATIONSHIPS





















FIGURE B.31 UNIT BOND FORCE-SLIP RELATIONSHIPS















FIGURE B.32 UNIT BOND FORCE-SLIP RELATIONSHIPS












FIGURE B.33 UNIT BOND FORCE-SLIP RELATIONSHIPS








Series: SD 09- I
Slump: 0.2 in.
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FIGURE B.34 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
STRAND FOR VARIOUS CONCRETE CONSISTENCIES,



















FIGURE B.35 UNIT BOND FORCE-SLIP RELATIONSHIPS




















FIGURE B.36 UNIT BCOD FORCE-SLIP
Age: 11
fc = 6









FIGURE B.37 UNIT BOND FORCE-SLIP
RELATIONSHIPS OF 7/16-IN. STRAND AT DIFFERENT AGES, SERIES: SAL11-2
Age: 12 days
fc = 6000 psi
Age : 129 days



















FIGURE B.38 UNIT BOND FORCE-SLIP RELATIONSHIPS OF
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FIGURE B.39 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND









FIGURE B.40 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN. STRAND
FOR DIFFERENT LATERAL PRESSURES, SERIES: SAP22-2
0oCD3
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Slip,in.
FIGURE B.41 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.





FIGURE B.42 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
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FIGURE B.43 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE FROM
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FIGURE B.44 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE FROM






FIGURE B.45 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE FROM
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FIGURE B.46 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE
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FIGURE B.47 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE
FROM DIFFERENT STRAND SIZES, SERIES: WB08-1
I I
Center Wire of 1/4-in. Strand
Center Wire of 3/8- in. Strani
ene Wieo /8, to
Center Wire of 7/16-in Stran
Center Wire of 1/2-in Strand
I I
Slip, in.
FIGURE B.48 BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRE
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RELATIONSHIPS OF PLAIN CENTER WIRE FROM









FIGURE B.50 UNIT BOND FORCE-SLIP RELATIONSHIPS OF











FIGURE B.51 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 5/16-IN. SQUARE BARS,














FIGURE B.52 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 5/16-IN. SQUARE BARS,
CONCRETE SPECIMEN AND STRAND FIXED AGAINST ROTATION, SERIES: QB09-1
2Tin
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Slip, in.
FIGURE B.53 UNIT BOND FORCE-SLIP RELATIONSHIPS OF "STRAIGHT"
(NONTWISTED) 3-WIRE AND 7-WIRE STRAND FABRICATED WITH
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Deformation, 10 6 in.
FIGURE B.56 AVERAGE DEFORMATIONS OF CONCRETE CONSOLE CAUSED BY
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FIGURE B.57 PULL-OUT FORCE VS. APPARENT SLIP RELATIONSHIPS
FOR TESTS WITH STRAND SUBJECTED TO LATERAL PRESSURE
4%UUU
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Slip, in.
FIGURE B.58 COMPARISON OF CORRECTED VALUES





Radius of Steel, a, in.
FIGURE C.1 VARIATION OF CONTACT PRESSURE WITH RADIUS OF STEEL
FOR VARIOUS MODULAR RATIOS n = Esteel/Econcrete
4.0 in.
FIGURE C.2 DISTRIBUTION OF RADIAL AND CIRCUMFERENTIAL STRESSES ALONG




Pull -Out Force, Ib Pull-Out Force, Ib
FIGURE C.3 VARIATION OF RATIO k = pi/po WITH PULL-OUT FORCE FOR SPECIMENS
WITH (a) 7/16-IN. STRAND AND (b) CENTER WIRE FROM 7/16-IN. STRAND
rý
c
El = 29 x IC psi
E = I x 10 psi
E,= 4 x 10 psi
a = 0,073 in,
b = 0.10 in.
c = 2.0 in.
v, = 0.30
vg = -V3= 0.15
4 n, n2 b c (b -a') Po
i (b-f)(l- ) + n, [b2(Il+v 2)+ ao (1-v)j <ng2 (b-dC) Lc(+ +b' (1- 3)>
+ (c'-b 2) [a (I+ ) + b (I- )]} - 4n, a b (c -b')
FIGURE C.4 DISTRIBUTION OF RADIAL STRESSES ALONG
RADIUS OF CYLINDER SUBJECTED TO EXTERNAL PRESSURE

































FIGURE D.2 ASSUMED DISTRIBUTION OF LOAD AND
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FIGURE D.5 STRESS DISTRIBUTION ALONG FIXED EDGE OF SHEAR KEY, LOAD CASE I
"-='-"1m fm I
Tension Compression
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FIGURE D.6 STRESS DISTRIBUTION ALONG FIXED EDGE OF SHEAR KEY, LOAD CASE II
Tension
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FIGURE D.8 DIRECTION OF PRINCIPAL STRESSES IN UPPER HALF
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FIGURE F.2 TEST SETUP
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FIGURE F.5 STRAIN DISTRIBUTION AFTER RELEASE
OF PRESTRESS, BEAM: PBB-2
Distance Along Beam,in.
FIGURE F.6 STRAIN DISTRIBUTION AFTER RELEASE
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FIGURE F.7 STRAIN DISTRIBUTION AFTER RELEASE
OF PRESTRESS, BEAM: PBT-1
Distance Along Beom,in.
FIGURE F.8 STRAIN DISTRIBUTION AFTER RELEASE













FIGURE F.10 VARIATION OF CONCRETE STRAIN WITH TIME, BEAM: PBT-2
Time, days
FIGURE F.11. VARIATION OF CONCRETE STRAIN
VITH TIME, BEAMS: PBB-3 AND PBT-2
Time, days
FIGURE F.12 LOSS OF PRESTRESS WITH TIME,
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FIGURE F.13 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-IN.
STRAND FROM PULL-OUT SPECIMENS TESTED TOGETHER WITH
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FIGURE F.14 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIP OF 7/16-IN.
STRAND FROM PULL-OUT SPECIMENS TESTED TOGETHER WITH
THE PRESTRESSED BEAMS: PBB-1, PBB-2, PBB-3




between shear stress and lateral
pressure (Figure 11.4) was found to
be approximately linear. Thus, the
trend indicated by the simplified
calculation agrees fairly well with
the trend observed in the tests.
The magnitude of the shear
stresses found by calculation cannot
be compared with the measured bond
stresses. It was pointed out in
Section 11.2 that the indentations
on the surface of the steel may have
a width-to-depth ratio of approxi-
mately 10:1 to 15:1. According to
the results of the analysis, the
stress transfer from the steel to
the concrete is confined approximately
to the upper third or upper fifth of
the concrete key (Figures D.5 through
D.7). The failure condition assumed
in the calculation will be reached
in that portion, therefore, before
the rest of the shear key has been
stressed to a large extent. The
total shearing of the interlocks may
be assumed to be a progressive type
of failure. Since the measured bond
stresses represent only average values,
the stresses for the conditions of
failure are expected to be much
higher.
The calculation was not intended
to match the test data because of
the simplified assumptions made with
respect to the mode of failure, the
magnitude of the limiting concrete
strength, and the distribution of
the stresses. However it demonstrates
that the approximately linear rela-
tionship between the initial bond
stress and the lateral pressure, as
observed in the pull-out tests, can
be explained by hypothesis which
assumes that the initial bond failure
is a shear failure of the concrete
keys.
The analysis of the stress con-
dition within the concrete key of the
microscopic interlock is interesting
in relation to the bond mechanism for
deformed bars. In the case of de-
formed bars, the concrete key in
Figure 11.3a represents ideally the
concrete between two lugs. Figure
D.8 shows the directions of the prin-
cipal tensile stresses within the
concrete key. If tensile stress is
the primary criterion for cracking,
the initial cracks should be approx-
imately perpendicular to the direc-
tion of the principal tensile stresses.
Cracks should extend in this case,
from near the bearing face of the key
making an acute angle with the longi-
tudinal axis of the reinforcing bar.
Viewed in two dimensions, this phe-
nomenon would transform the concrete
into a series of discrete columns
supporting the bar at one end and
bearing on the mass of concrete at
the other end (Figure 11 .5). Reac-
tions from these inclined columns
would create the excessive hoop
stresses around the bar which lead to
splitting of the concrete. Depending
on the relative size of the shear key
and the surrounding mass of concrete,
it is, of course, possible that the
columns fail in shear before splitting
of the concrete takes place.
11.4 FRICTIONAL BOND
According to the basic quantita-
tive law of friction, the friction
force F is determined by
F = pN (11.3)
where p = coefficient of friction,
and N = lateral force acting normal
to the direction of sliding.
In Equation 11.3, the friction
force is said to be independent of
the apparent area of contact. This
is explained by the fact that the
frictional mechanism is determined
by the real area of contact (Figure
11. la). The real area, however, is
independent of the apparent area and
depends only on the magnitude of the
lateral force and the yield stress of
the material.
On the basis of results from
friction tests performed with various
materials, the coefficient of fric-
tion appears to be a function of the
sliding velocity ( 1 8 , 20) Within a
wide range of velocities, the fric-
tion coefficient remains nearly con-
stant. The small influence of the
sliding velocity on the friction
coefficient may be explained by the
insensitivity of the shear strength
of most materials to the rate of
loading at moderate to slow loading
speeds.
In general, the friction co-
efficient is also found to be less
dependent on the roughness of the
sliding surfaces than is commonly
assumed. This phenomenon is under-
standable if it is realized that
friction is determined mainly by the
shear strength at the junctions.
However, the friction coefficient is
affected by extremely smooth and
extremely rough surfaces. With
extremely smooth surfaces, the real
area of contact is larger than that
determined by the yield stress of the
material and the lateral force, so
that the friction coefficient in-
creases. In the case of very rough
contact surfaces, one surface has to
be lifted over the other one, or a
kind of interlocking may take place
that necessitates shear failures
caused by interlocking keys whose
area may exceed that determined by
the junctions. The friction coeffi-
cient increases in that case, too.
The bond-slip relationships for
prestressing wire appear to fit into
the framework provided by the current
concepts of friction. Two sets of
measured bond-slip curves are shown
in Figure 11.2. The curves refer to
two different concrete strengths and
three levels of confining pressure.
In considering different bond
mechanisms, each bond-slip curve may
be idealized by two straight lines
(Figure 11.2) i.e., (a) a vertical
line which represents the interlocking
mechanism between steel and concrete,
and (b) a horizontal line which rep-
resents the mechanism of sliding
friction.
The vertical line is terminated
by the bond stress that is developed
when the interlocking, concrete keys
shear off. The ordinate of the hor-
izontal line is determined by the
bond stress caused by sliding fric-
tion. A third line connecting the
end of the vertical line with the
beginning of the horizontal line rep-
resents a transition from one bond
mechanism to the other. Theoretically,
the transition may be expected to
follow a vertical ine. In practice,
however, the transition occurs grad-
ually along a curve that approaches
the horizontal friction line
asymptotically.
Both bond mechanisms are related
to the shear strength of concrete.
However, the areas to be sheared off
are different for both cases. During
the interlocking phase, the area is
determined approximately by the
roughness of the steel surface, as-
suming thet the cement matrix of the
fresh concrete penetrates into all
indentations of the steel. The area
is independent of the lateral stress.
During the frictional phase, the area
of shear is determined by the lateral
force. The initial interlocking
mechanism leading to the maximum bond
stress cannot be mobilized again afte
the concrete keys have failed. The
mechanism characterizing sliding
friction repeats itself endlessly
because a new set is formed simulta-
neously with the destruction of an
existing set of junctions.
When the interlocking structure
fails, two phenomena occur at the
same time: (a) the bond force drops
to the friction force because the
area of shear is smaller for the
sliding system than for the inter-
locking structure; (b) a further
reduction of the bond force takes
place because of a loss of contact
stress.
The second phenomenon is due to
a partial reduction of the intensity
of the contact. Concrete is a porous
material with voids that range from
micro to macro size. It is assumed
that shearing of the interlocking
keys results in the formation of loose,
wear particles. Through displacements
of the contact surfaces, the wear
particles are transported and deposit-
ed in pores opened by the shear fail-
ure. This is identical to a volume
shrinkage of the concrete near the
sliding surfaces. The phenomenon
may be compared to the behavior of
loosely packed sand subjected to
shear deformations. Caused by the
lateral displacements, the sand grains
in the shearing zone rearrange them-
selves in a more compact manner which
results in a reduction of volume.
The apparent shrinkage of the
solid volume near the sliding sur-
faces leads to a decrease in contact
pressure because it is extremely sen-
sitive to the quality of contact. A
relative separation of the steel and
the concrete in the order of 10 - 5
-4
to 10 in. would suffice to reduce
the contact stress due to external
pressures of the magnitudes applied
in the tests to zero (Appendix C).
According to Equation 11.3, the
friction force is determined by the
product of the lateral force and the
friction coefficient. Because of the
drop in contact stress following the
initial shear failure, the lateral
force acting on the surface of the
steel due to shrinkage or externally
applied pressure is unknown. It is,
therefore, not possible to determine
the coefficient of friction reliably
from the data shown in Figure 11.2.
Before continuing the discussion
about the bond mechanisms, attention
should be called to the fact that the
increase of the bond strength with
the lateral pressure was explained
by different means for the inter-
locking mechanism than for fric-
tional mechanism. In the interlocking
mechanism, the shear area is assumed
to be constant. The shear strength
of the material is assumed to in-
crease because of the confining pres-
sure. In the current friction theo-
ries, it is assumed that the friction
force increases because the shear
area of the junctions increases.
The shear strength is assumed to re-
main constant.
Considering the different states
of normal stresses that exist in the
shear regions of the two bond mecha-
nisms, the different explanations are
not unreasonable. In the interlocking
phase, complete contact is assumed
between the concrete and the steel.
Under the lateral pressures applied
in the tests, the stresses normal to
the shear plane of the interlocking
structure are well below the strength
of the material, especially because
the material was confined in the
directions parallel to the shear
plane. Therefore, each increase of
the lateral pressure results in an
increase of the normal stress in the
shear region. Because of the in-
creasing normal stresses, higher
shear stresses can be developed.
In the frictional phase, the
contact between the steel and the
concrete is limited to the junctions.
Therefore, the unconfined material
at the junctions yields at low pres-
sures. Since the normal stress in
the junctions cannot increase anymore,
the shear strength F unit area re-
mains constant. The increase of the
total shear force is possible by ex-
panding the area of the junctions.
11.5 STICK-SLIP MOTION
In many pull-out tests with plain
wire and strand, it was observed that
the steel slipped in a regular inter-
mittent motion which is usually de-
scribed as stick-sZlip motion (Figure
8.9). This indicated that the fric-
tion force did not remain constant as
a function of time. According to
Rabinowicz,(20) stick-slip motion,
which is typical for friction tests,
may arise whenever the static coef-
ficient of friction is markedly higher
than the kinetic coefficient. Sampson
et aZl. 2 2 ) found that for very short
periods of stationary contact, the
kinetic and the static coefficients
of friction are identical. However,
according to Ishlinski and Kraghel-
skii(23), while the kinetic coeffi-
cient may be assumed to remain constant
within a wide range of sliding veloc-
ities, the static coefficient varies
as a function of the time of contact.
Experiments by Dokos(24) indicate
that the static coefficient of fric-
tion varies significantly for short
times of contact (less than I second)
but varies relatively little for
longer periods. The time of contact
refers to the period from the begin-
ning of the application of the tan-
gential force to the time the body
slides.
On the data above, the bond-slip
relations observed in the pull-out
tests may be interpreted as follows.
After the initial shear failure be-
tween steel and concrete, the bond
force drops to the level of the fric-
tion force. Because of the sudden
slip, the force comes to an equilib-
rium at a level below the value of
sliding friction. Until the bond
force is raised to the level of the
friction force, no slip takes place.
This short time of contact is enough
to initiate a higher static friction
coefficient. Therefore, the bond
force increases beyond the sliding
friction force. After exceeding the
static friction force, a sudden slip
takes place with an attendant drop
in the bond force. Since the bond
force drops again below the level of
the sliding friction capacity, the
following increase of the bond force
takes place without slip, Conse-
quently, static friction can develop
again. These steps repeat themselves
regularly. It may be assumed that
the mean value of the friction force
between peak and valley of the stick-
slip amplitude is the average kinetic
friction during the slip.
The amplitude of the stick-slip
motion observed in the tests increased
with the lateral force, because the
difference between the static and the
kinetic friction force is proportional
to the lateral pressure.
11.6 DETERMINATION OF FRICTION
COEFFICIENT
Several tests in which a con-
stant lateral pressure was applied
to the pull-out specimens were con-
tinued after a slip of 0.15 in. had
developed by increasing the lateral
pressure in steps of 500 psi. During
that phase of the test, no slip mea-
surements were taken. Typical force-
time relationships as recorded by the
plotter of the testing machine are
shown in Figure 8.9. The plots in-
dicate that the bond force responded
immediately to each increase of the
lateral pressure.
The frictional character of the
bond mechanism at that stage of the
test is demonstrated by the fact that
the average bond force remained ap-
proximately constant after each in-
crease of the lateral pressure. The
slight decrease of the bond force
noticed for each period during which
the pressure was held constant had
approximately the same trend as the
bond slip curve at a slip of 0.15 in.
(point B for plain wire in Figure
8.9). This can be attributed to
either a small decline of the contact
stress or to the reduction in the
friction coefficient resulting from
the increasing amount of loose wear
particles. The latter cause appears
more plausible.
The maximum bond force, reached
immediately after each pressure in-
crease in tests with plain wire (Fig-
ure 8.9), was slightly larger than
the peaks of the following stick-slip
motion, because the static friction
coefficient developed for that case
was higher due to the longer period
of contact. Since, according to the
previous section, the actual friction
coefficient oscillates around the true
coefficient of sliding friction as
the slip increases, the average fric-
tion force, determined by the stick-
slip motions, will be used to calcu-
late the coefficient of sliding
friction.
It was assumed in Section 11.4
that at a slip of 0.15 in. the con-
tact pressure was smaller than the
externally applied pressure. Because
further slip is not likely to lead
to a significant compaction of the
material near the sliding surfaces,
as was the case immediately after the
interlocking structure failed, it may
be concluded that an increase of the
external lateral pressure at that
point of the test will result in an
equivalent increase of the contact
stress (Appendix C).
Knowing the increase of the con-
tact stress as well as the response
of the friction force, it is possible
to calculate the friction coefficient
i for each individual increase of





where P., P! = bond forces according
I I
to Figure 8.9, U = bonded area (=
2
0.461 in. for plain center wire of
7/16-in. strand) and doa = increase
of the lateral pressure (= 500 psi).
The individual friction coef-
ficients obtained in this manner are
plotted in Figure 11.6 versus the
laterally applied pressure. Although
the scatter was relatively large, it
appeared that the friction coefficien
was independent of the lateral pres-
sure within the range from 1,000 to
4,000 psi. The average coefficient
of friction found was i = 0.29 for
concrete mix A (f' = 6,100 psi) and
c
S = 0.32 for concrete mix B (f' =
c
8,200 psi).
Figure 11.6 does not contain the
friction coefficients calculated for
the first increase of the lateral
pressure because it was found that
the coefficient determined from the
first increase was significantly low-
er than the values for the following
pressure enhancements (Figure 11.7).
This result agrees fully with the
explanation given for the bond mecha-
nism in Section 11.4. The first in-
crease of lateral pressure had to
close a gap created through the com-
paction of material between the con-
tact surfaces of two sliding surfaces.
Consequently, the contact stress in-
creased by less than 500 psi. For
any further increase of the lateral
pressure, a fully compacted material
existed at the contact which resulted
in stress increases comparable to
those applied externally.
The friction coefficients men-
tioned above were only slightly lower
than the fictitious coefficients of
friction that are obtained for the
initial bond if the shear failure
of the interlocking structure is ex-
plained in terms of friction. The
fictitious values, which may be de-
termined from the slope of the aver-
age bond stress-lateral stress rela-
tionships of Figure 8.4, are found
to be 0.33 for concrete Mix A and
0.38 for concrete Mix B. The small
difference between the initial fric-
tion coefficient and the coefficient
of sliding friction indicates that
the area of contact through which
shearing takes place differs little
( 1 1 h
for both cases.
11.7 CONCLUDING REMARKS
The results of pull-out tests
with plain prestressing wire agree
with the hypothesis that the bond of
plain bars is caused basically by
two different mechanisms: an initial
interlocking mechanism between the
steel and the concrete followed by a
sliding friction mechanism.
The bond stress developed both
during the interlocking and the fric-
tional phase appears to be extremely
sensitive to the normal stresses
existing at the contact surface be-
tween steel and concrete. The initial
slip of the steel following the shear
failure of the interlocking structure
results in a drop of contact stress,
and therefore in a relatively large
reduction of bond stress.
The coefficient of sliding fric-
tion between concrete and plain pre-
stressing wire was found to be ap-
proximately 0.30. This value was ob-
tained under the assumption that the
contact stress in the tests was
equal to the externally applied pres-
sure. It is very unlikely that the
contact stress was lower than the
external pressure. However, it is
conceivable that the contact stress
exceeded the external pressure by
as much as 20 percent. This would
reduce the coefficient of friction
to 0.25.
Under conditions where no ex-
ternal pressure is applied, the con-
tact stress necessary to initiate
friction, after the initial shear
failure of the interlocking structure
has taken place, is supplied primarily
by shrinkage.
XII. A CONCEPTUAL MODEL FOR BOND OF STRAND
12.1 INTRODUCTORY REMARKS
The basic bond mechanisms gov-
erning the bond characteristics of
plain wire also determine the bond
strength of strand. However, because
of the geometry of strand, the actual
stress distribution, existing at the
contact surface, between the strand
and the concrete, due to a pull-out
force, is rather complicated com-
pared with that for plain wire. Pro-
vided the concrete specimen and the
strand grip are fixed, with respect
to rotation, around the axis of the
strand, any slip causes the strand
to untwist itself. This property
distinguishes strand, with regard to
bond, both from plain bars and from
deformed bars.
In order to study the principal
features determining the bond capac-
ity of strand, it was desirable to
design a simple conceptual model
which would make it possible to link
the bond properties of strand with
those of plain wire. In the follow-
ing sections, such a model will be
developed both for the initial phase
of bond, which is determined by
interlocking between steel and con-
crete, and for the sliding phase,
which is determined by friction.
12.2 INITIAL BOND
The initial bond refers to that
phase of the bond-slip relation during
which no slip between the strand and
the concrete has yet developed. The
initial bond force, used frequently
in the following discussion refers
to the initial bond strength.
To simplify discussion, strand
may be thought of as a round bar with
several lugs protruding from its sur-
face. These lugs, representing the
exterior wires of the strand, run
helically around the bar forming an
angle a with the axis of the bar
(Figure 12.1a). If only a very small
element of the bar is considered, as
shown, a two-dimensional model is
obtained. Consider this element being
pulled down vertically through a mass
of concrete. It is assumed that only
the lug is bonded to the concrete.
The following forces, indicated
in Figure 12.1b, act on the lug in
the model:
(1) a pull-out force P/n, where
n represents the number of lugs, or
in the case of strand, the number of
exterior wires;
(2) a normal force N/n due to
P, acting on the inclined plane of
the lug;
(3) a shear force qN/n, where
q reflects the increase in the shear
strength of the interlocking concrete
keys with the normal pressure; [The
factor q is comparable to the slope
of Coulomb's failure envelope. It
may be determined from the initial
bond stresses obtained for plain
wires under various lateral pressures
(Figure 8.4). It was found to be
approximately 0.33 for a concrete
strength of 6,100 psi, and 0.38 for
a concrete strength of 8,200 psi.]
(4) a shear force V/n which
represents the interlocking strength
between concrete and steel; [Qualita-
tively, the shear force V is deter-
mined from the pull-out tests on
plain wire. It includes the effect
of shrinkage.]
(5) a horizontal force F/n
which is due to the externally applied
lateral pressure;
(6) a shear force qF cosa/n
which is comparable to the shear
force qN/n but is caused by external
lateral forces not including shrink-
age. [This force is modified by the
angle a because it is assumed that
stresses parallel to the shear plane
do not have a confining effect on
the concrete.]
A similar element to that shown
in Figure 12.1a may be considered at
the opposite face of the bar. With
respect to the axis of the bar, this
element presents a mirror image to
that in Figure 12.1b. Consequently,
the horizontal components of the
forces will create an internal tor-
sional moment. In the case of a
freely rotating strand or concrete
specimen, however, no external tor-
sional moment can be generated by the
strand while untwisting itself in the
free length between the strand grip
and the bonded length. Therefore, the
initial moment must be equal to zero,
and the forces of each element must
be in equilibrium.
Summing the forces in the x- and
y-direction yields:
P qN V qFcosa =
- cosa - ( = 0
n n n n (12.1)
P . N
- sina - -= 0.
n n
By eliminating the normal force N,
the pull-out force P may be expressed
in terms of the shear force V, the
lateral confining force F, the factor
q relating the shear strength to the
normal stress, and the twist angle a:
V + qFcosa
P = cosa -qsina' (12.3)
The shear force V, which repre-
sents the bond resistance provided by
the interlocking concrete keys, may
be determined readily because, for
plain wire, the initial bond force
developed is equal to the shear force
V (a = 0, F = 0). Assuming that V is
linearly proprtional to the bonded
area, in order to obtain the shear
force V for strand, the initial bond
force of plain wire has to be multi-
plied by the ratio of the actual sur-
face of the strand to that of the
plain wire. The twist angle a for
the various strand sizes is listed in
Table A.2.
(12.2)
With Equation 12.3, it is pos-
sible to calculate the initial bond
force of strand using data from plain
wire tests. In Figure 12.2, the cal-
culated initial bond force for strand
is plotted versus test results ob-
tained with various strand diameters.
All the experimental data were derived
from specimens cast with concrete mix
A and tested at an age of eight or
nine days. No lateral pressure had
been applied to the specimens (F = 0).
The calculated value of the ini-
tial bond force compares fairly well
with the average value of the test
results for 7/16-in. strand and
1/2-in. strand. For 1/4-in. and 3/8-
in. strand, the calculated initial
bond force lies at the lower boundary
of the test results. It should be
noted, that the factor q used in the
calculation (q = 0.33) was derived
from tests with center wire from
7/16-in. strand. It is conceivable,
that the exterior wires of some
strands had different surface char-
acteristics than the center wire of
7/16-in. strand and, therefore, devel-
oped different initial bond properties
It was pointed out already in Chapter
5 that 3/ 8 -in. strand developed
bond-slip characteristics that dif-
fered slightly from those of other
strand sizes.
For practical purposes, it may
be concluded that the initial bond
force of strand increases approxi-
mately linearly with the strand dia-
meter. The slight deviation of the
calculated values from a straight
line (Figure 12.2) derives from small
differences between the measured and
the nominal geometric properties of
strand.
Using Equation 12.3, it is also
possible to calculate the initial bond
force developed by strand under lat-
erally applied pressures. In that
case, the lateral force F is deter-
mined by multiplying the actual
bonded area of strand with the lateral
stress applied.
Test results obtained with 7/16-
in. strand are presented in Figure
12.3. Compared with the test results
of Figure 12.2, the initial bond forces
in the case with no lateral pressure
applied are significantly higher.
This fact is due to the higher age of
the concrete specimens at the time of
testing. The trend of the bond
strength to increase with the age of
the concrete was confirmed for strand
in Section 6.5 (Figure 6.12).
Lacking tests with plain wire,
comparable in age to tests with strand
shown in Figure 12.3, the inital bond
force of strand at zero lateral pres-
sure could not be reproduced theoret-
ically on the basis of wire tests.
The increase of the initial bond
strength with lateral pressure, how-
ever, could be calculated using the
second term of Equation 12.3. The
calculated relationship (Figure 12.3)
was obtained using a value of q =
0.33 which was derived from wire tests
conducted at an age of 15 and 17 days.
The theoretical relationship compares
fairly well with the test results.
It was mentioned above that for
a freely rotating strand or concrete
specimen no torsional moment develops.
If the concrete specimen and the
strand are fixed against rotation,
the free length of the strand, be-
tween the strand grip and the bonded
part, unwinds while being stretched
under the load. As a result, a small
torsional moment is applied at the
attack end of the bonded length
causing an increase of contact pres-
sure between the strand and the con-
crete. It may be shown, however,
that this moment is too small to
create a significant increase in
bond strength. Tests conducted with
both test setups demonstrated that
the influence of the torsional moment
on the initial bond strength is neg-
ligible (Figure 3.7). For this reason,
use may be made of Equation 12.3,
regardless of the test setup.
The model shown in Figure 12.1
and Equation 12.3 may also be used
for calculating the initial bond force
of twisted square bars. Since both
the square bars and the strand are
manufactured by cold drawing, the
same shear force per unit area,
representing the interlocking mech-
anism, may be assumed for both steels.
The shear force V is determined by
the initial bond force that was de-
veloped in 1-in. pull-out tests with
untwisted square bars. The average
value found was 170 lb (Figure 10.2).
Using the above value in Equa-
tion 12.3, the initial bond force of
square bars at an applied lateral
pressure of zero psi may be obtained
as a function of the twist angle a.
In Figure 12.4, this relationship is
compared with various test values
of Series QB09-1.
The scatter of the test results,
especially at large twist angles, is
large. This may be deduced from the
high degree of nonuniformity in the
geometry of the square bars at large
twist angles. Nevertheless, the
trend of the calculated relationship
agrees with the test data.
12.3 SLIDING BOND
Sliding bond refers to the phase
of bond following the shear failure
of the interlocking structure. It is
characterized by a sliding of the
steel with respect to the concrete.
The mechanism of sliding depends on
the friction properties of the two
materials in contact. It may be as-
sumed that the coefficient of sliding
friction remains constant within the
range of sliding velocities observed
in the pull-out tests. Any change in
the friction force is therefore as-
sumed to be caused by a change in
contact stress between the steel and
the concrete.
When strand slips through the
concrete it may either wind itself
through the concrete like a screw, or
it may untwist itself, depending on
the test setup. Since strand has some
torsional stiffness, the manner in
which strand slides through the con-
crete affects the magnitude of the
contact stress between steel and con-
crete. Consequently, two different
cases of sliding have to be investi-
gated: (a) the concrete specimen of
the strand is permitted to rotate
freely around its axis while the
strand is pulled out; (b) the con-
crete specimen and the strand are
held fixed with respect to rotation
during the test.
Since the strand in Case (a) is
not restrained from rotating, no tor-
sional moment will be induced into
the concrete prism. In Case (b), the
strand is forced to untwist itself
through the rigid concrete embedment.
Therefore, a torsional moment is
generated within the concrete prism
due to the rotational stiffness of
strand.
In order to study the sliding
mechanism of strand, a model very
similar to that used for the initial
bond may serve as an aid. A smooth
prism with a protruding lug slanted
at an angle a represents one exte-
rior wire of the strand (Figure 12.5)
Consider only the lug of the prism
bonded to concrete. When the prism
is pulled down through a mass of
concrete, the prism will slide along
a plane indicated by the lug.
The following forces indicated
in Figure 12.5b act on the lug of
the model:
(1) a vertical pull-out force
P/n, where n is the number of lugs
or, in the case of strand, the number
of exterior wires;
(2) a normal force N/n due to
P, acting on the inclined plane of
the lug;
(3) a friction force Nu/n,
where i is the coefficient of sliding
friction between steel and concrete;
(4) a lateral force F/n where
F is due either to shrinkage of the
concrete or to an externally applied
pressure;
(5) a friction force Fui cosa/n;
(6) a spring force ks/n which
represents a concrete reaction that
is equal in magnitude to the force
necessary to untwist the strand [The
constant k is a spring factor that
corresponds to the torsional stiffness
of the strand, s is the vertical slip
of the strand. The spring force ks
is initiated only in Case (b) described
above, where the strand is forced to
untwist itself.];
(7) a friction force ksp cosa/n.
Summing the forces in the x- and
y-direction, the following two equilib-
rium equations are obtained.
P N F ks ks .
-cosa----1- cosa -- pcos --- sina = 0
n n n n n (12.4)
P . N ks
-sina - - + -- cosa = 0
n n n
(12.5)
These two equations lead to the follow-
ing expression for P.
p = Fp + ks (2u + tana)
1 - u tana (12.6)
According to Section 11.6, the
friction coefficient 4 between pre-
stressing wire and concrete, which
may be used in the above equation for
strand, was found to be approximately
0.30. It is not possible, however,
to give the magnitude of the lateral
force F because both the lateral force
due to shrinkage and the contact
force, between steel and concrete,
due to the externally applied pres-
sure are unknown (Section 11.4 and
Appendix C). The whole friction
force Fu may be determined approxi-
mately, however, by using the fric-
tion force developed by plain wires
and multiplying it with the ratio of
the bonded ares of strand and wire.
In order to determine that part
of the pull-out force that is related
to the increased contact pressure due
to the torsional stiffness of strand,
the spring constant k has to be de-
termined. Because of the composite
cross section of strand, it is very
difficult to find k for strand theo-
retically. In view of a better under-
standing of the effect of the tor-
sional stiffness on bond, it appears
therefore expedient to study the in-
fluence of the torsional stiffness
on the bond force with the aid of
twisted square bars.
The torsional moment of a square
bar is, according to Timoshenko (1955)
Sks
n (12.10)
The torsion angle is related to
the slip s by the expression
2rs
P (12.11)
where p is the pitch of the bar. The
pitch, in turn may be expressed in
terms of the twist angle a and the
width of the bar by the relationship
p = a/l2ncota . (12.12)
Combining Equation 12.9 through
12.12, the spring constant k can be
calculated by the expression:
k 0.1406 n Ga 3  tana . (12.13)
72 Lt
0.1406 G a As an approximation, a triangular
L (12.7) stress distribution at the contact
where G = shear modulus, 6 = torsion between steel and concrete may be as-
angle, a = width of the square bar, sumed as indicated in Figure 12.6.
and L = length over which the torsion With this assumption, the moment arm
is applied. t becomes equal to 2a/3. The other
The torsional moment may also be terms of Equation 12.13 were determined
expressed in terms of two force cou- by the tests performed with square
ples, Qt where Q is the resultant bars (n = 4, G = ll.5x10 6psi, a =
force due to the contact pressure 5/16 in., and L = 9 in., where L was
caused by the torsional moment, and the free length between the strand
t is the moment arm as shown in Fig- grip and the bonded length).
ure 12.6. Thus the torsional moment The spring constant k for 5/16-
becomes: in. square bars, determined with the
T = 2Qt. (12.8) assumptions above, is plotted versus
the twist angle a of the bar in Fig-
Combining Equation 12.7 and 12.8, the ure 12.7. Knowing the spring constant
force Q is obtained to k, the pull-out force P can be cal-
0 .1406 Go a . culated for any slip with Equation
2Lt (12.9) 12.6. The friction force Fp in this
equation is determined for every slip
This force, however, is identical to value by the bond force-slip relation-
the spring force acting in the model ship of the untwisted bar. Two cal-
of Figure 12.5. Therefore culated bond-slip relationships for
5/16-in. square bars are plotted in
Figure 12.8 versus test results of
Series QB09-1. Considering the sim-
plified assumptions made with the
two-dimensional model and the pos-
sible scatter of the test results,
the agreement of the theoretical
solution with the test results is
good. The theoretical bond-slip re-
lation is valid, of course, only as
long as the bars untwist themselves
through the concrete. As soon as the
concrete is crushed under excessive
contact stresses caused by the rota-
tional spring force of the bar, the
bars are pulled out of the concrete
without further rotation, and the
bond force necessarily deviates from
the predicted relationship.
In the case where both the steel
bar and the concrete specimen are
fixed against rotation the large in-
crease in bond strength due to the
torsional stiffnees of the square
bars is demonstrated effectively by
the measured bond-slip relationships
shown in Figure 10.3.
A similar method to that used
for twisted square bars will derive
the influence of the torsional stif-
fness of strand on bond. The rota-
tional stiffness of the strand was
found by experimental means. The
test setup used to measure the tor-
sional stiffness is shown in Figure
12.9. A free length of 7/16-in.
strand was loaded in tension. While
the tensile force was held constant,
the strand was rotated by small
weights acting over a pulley and a
lever arm. The weight needed to ro-
tate the strand and the amount of
rotation in degrees were measured.
Figure 12.10 shows the measured
relationships between the applied
torsional moment and the rotation
(and slip) of the strand for different
lengths tested. The results of sev-
eral tests indicated that the tension
force to which the strand was sub-
jected did not influence the torsional
stiffness of strand within the range
of 500 to 1,500 lb that covers the
unit bond strength developed by
strand.
In order to determine the spring
constant k, a resultant force distri-
bution representing the contact stress
between strand and concrete due to the
untwisting of the strand is assumed
(Figure 12.11). The resulting force
couples Qt (where Q is the force act-
ing on each exterior wire perpendicu-
lar to the main diameter of the strand,
and t is the moment arm) form the tor-
sional moment
T = 3Qt. (12.14)
Since Q is identical to the
spring force ks/n acting on the model
shown in Figure 12.5, the spring con-
stant k may be expressed by
nT
k = 3ts (
With the slip, s, and the angle
of rotation, 6, being interrelated
by Equation 12.11, the spring constant
k may be determined using the results
of Figure 12.10. Assuming that the
moment arm t is approximately 5/6 of
the strand diameter, the spring con-
stant k for 7/16-in. strand is found
to be 2,700 lb/inch.
The second part of Equation 12.6
12.15)
represents the bond force that is
caused by the rotational stiffness
of the strand. Consequently, this
part determines the additional bond
6
force gained in those tests in which
both the concrete specimen and the
strand were fixed against rotation.
Using the above value of k, a twist
angle of a = 13.30, and an average
friction coefficient of 1i = 0.30
(Section 11.6), the difference in
bond force can be shown to be 24 lb
for a slip of 0.01 in. and 240 lb
for a slip of 0.1 inch.
The actual measured difference
in bond force is shown in Figure
3.7, where average bond-slip curves
are compared for both test setups.
The order of magnitude and the trend
for the difference in bond force to
increase in proportion to the slip
are comparable with the calculated
values.
It may be concluded from the
experimental as well as the theoret-
ical investigation that the rotation-
al stiffness of strand, in contrast
to that of square bars, has only a
very small effect on bond strength.
This can be related directly to the
low torsional stiffness of strand.
12.4 LACK OF FIT
The results of Equation 12.6
and the statements made in the last
paragraph of the foregoing section
lead to the conclusion that the bond
characteristics of strand should be
directly comparable with those of
plain wire. However, a comparison
of typical bond-slip relationships
developed by strand with a typical
bond-slip relation developed by plain
wire indicates that this conclusion
is apparently not true (Figure 12.12).
Consequently, Equation 12.6 does not
include all the sources contributing
to the bond strength of strand.
With respect to the above prob-
lem, the following observations may
be deduced from Figure 12.12:
(A) The bond characteristics may
vary significantly from one lot of
strand to another.
(B) A sudden drop in bond
strength comparable to that observed
with plain wire was measured for 7/16-
in. strand of Coil 11 immediately
after the initial bond strength had
been exceeded.
(C) The bond force of strand
increased with slip either immediately
after the initial shear failure had
taken place or after a slip of ap-
proximately 0.01 in. had developed.
In contrast to that, the bond strength
of plain wire decreased with increas-
ing slip approaching an approximately
constant value.
From observation (B), it may be
concluded that, at small slips, at
least some strands tend to show the
same bond characteristics as plain
wire. However with increasing slip,
a new source of bond strength seems
to be activated that accounts for the
increase of the bond force of strand
at slips large than 0.01 inch.
The new bond source may be ex-
plained on the basis of the following
hypothesis. Assume that the shape of
the strand is not perfect, i.e. that
the diameter, the pitch, or the angle
of twist vary slightly along the axis
of the strand. In that case, the
strand would tend to wedge as soon
as it starts slipping through the
presumably rigid concrete embedment
because of a certain lack of fit be-
tween the cross sections of the
strand, displaced through slip, and
the stationary concrete channel. As
a result, strand would develop bond
characteristics that are similar to
those of deformed bars.
It is not very difficult to show
that irregularities in strand geome-
try exist. Figure 12.13 and 12.14,
for instance, show the cross sections
of a piece of strand cast in concrete
which were located at a distance of
1 in. from one another. The slices
were made from a random specimen with
a bonded length larger than I in.
(Series SA09-18). The different
spacing of the exterior wires indi-
cates that the diameter and the angle
of twist must have varied from one
cross section to the other.
Another attempt to show the non-
uniformity of strand was made by mea-
suring, within a length of 1 in.
(equal to the standard length of the
pull-out specimens), the diameter of
two 7/16-in. strands at five dif-
ferent locations. At each location,
the diameter was measured over the
three sets of exterior wires. The
measurement was accomplished with a
dial indicator having a reading sen-
sitivity of 0.0001 inches. Figure
12.15 shows the relative variation
of the strand diameter. It was in
the order of 0.01 inch.
The nonuniformity of the strand
may account for the difference in
bond characteristics between strand
and plain wire as follows:
(A) Theoretically, it may be
shown that a small variation of the
strand diameter is enough to explain
the difference in the relative bond
forces. According to the bond-slip,
relations plotted in Figure 12.12,
plain wire would develop a bond force
of roughly 200 lb at a slip of 0.10
in. if it had the same surface area
as strand. Strand developed a bond
force of approximately 900 lb at the
same slip. If the small effects of
the inclined plane and the torsional
stiffness of strand were neglected
(denominator = 1, k = 0 in Equation
12.6), a bond force of approximately
700 lb would have to be attributed
to the lack of fit of strand.
Using a friction coefficient of
0.30, as determined in Section 11.6,
a contact stress of approximately
1,260 psi would be required to develop
a bond force of 700 lb due to wedging
of the strand. According to Equation
C.6 of Appendix C, an increase of the
diameter of the strand by 0.00016 in.
over a distance of 0.10 in. would
suffice to generate a contact stress
of the above magnitude. This re-
quired variation of the strand di-
ameter is less than the measured
variation shown in Figure 12.15.
It should be noted that the con-
tact stresses mentioned above may
lead to circumferential tensile
stresses of such magnitude that radial
cracking immediately around the strand
will take place.
(B) Practically, it was shown
that straight (nontwisted) strand
which was fabricated in the laboratory
as described in Section 10.3 (Series
UA09-1) displayed almost the same
bond characteristics as the twisted
strand (Figures 10.5 and 10.7). An
explanation for the difference in
bond characteristics between a single
wire and a group of three or seven
parallel wires is offered by the
hypothesis about the lack of fit. If
all the individual wires are not
perfectly parallel, straight strand
will show bond properties of a slight-
ly deformed bar. Because of the tack
welding necessary to keep the wires
in touch (Section 10.3), it was not
possible to produce a perfectly par-
allel strand.
The few tests performed with
straight strand indicate that the
imperfection in the shape rather than
the twist of the strand lead to the
relatively good bond characteristics
of strand.
An appreciable difference was
observed between the shapes of bond-
slip curves (Figure 12.12) for strand
acquired at different times. It is
pertinent to discuss the observed
difference in the light of the bond
mechanisms described.
Figure 12.12 shows that the bond
force developed by 7/16-in. strand
of Coil I increased immediately after
the initial shear failure of the
interlocking concrete keys had taken
place. In contrast, the bond force
developed by 7/16-in. strand of Coil
II dropped after exceeding the ini-
tial bond strength. After a slip of
approximately 0.01 in., it also
started to increase. It should be
noted that the average initial bond
force was exactly identical, and that
the bond force at a slip of 0.15 in.
was nearly the same for both strands
again.
The only difference detected be-
tween the two strands was that the
surface of the Coil I strand had a
dull, dry appearance and a shiny,
oily appearance for Coil I I strand.
This seems to indicate that the sur-
face of the Coil I strand, which had
been stored in the laboratory for a
much longer time than Coil II strand,
was oxidized to a greater extent.
A similar observation was made
for strands of other diameters. The
surface of 3/ 8 -in. strand resembled
very closely that of the 7/16-in.
strand of Coil II, while the 1/ 4 -in.
and 1/2-in. strand had the dull sur-
face of the 7/1 6 -in. strand of Coil
I. The 1/4-in. and 1/2-in. strand
displayed bond characteristics com-
parable to those of 7/1 6 -in. strand
of Coil I. The 3/8-in. strand, how-
ever, developed a drop in bond force
at very small slips that was typical
for 7/16-in. strand of Coil I I (Fig-
ure 5.1). The decrease of the bond
force for the 3/8-in. strand did not
occur immediately after the initial
shear failure, but occured at a slip
of roughly 0.001 inch.
The apparent influence of the
surface properties on the bond char-
acteristics of steel could also be
observed in tests performed by
Rehm(ll. The bond strength of round
steel bars tested by Rehm with a sur-
face showing indentations of a depth
of 0.003 to 0.004 in. increased
immediately after the initial shear
failure at a much faster rate than
the bond force of bars having surface
indentations of only 0.001 to 0.003
inches.
It may be concluded from the
above observations that the bond char-
acteristics of strand are affected
by the surface roughness. Consider
therefore two contact surfaces be-
tween steel and concrete (Figure
12.16): (a) a contact showing a
rough steel surface, characterizing
7/1 6 -in. strand of Coil I; (b) a
contact showing a smooth surface,
characterizing 7/16-in. strand of
Co il II.
With respect to the initial bond
strength determined by shear failure
along the peaks of the steel surface,
there should be no significant dif-
ference between (a) and (b) because
the shear area is approximately the
same for both. This conclusion was
confirmed by the tests (Figure 12.12).
With respect to sliding, there
may be a difference between (a) and
(b) at small slips. In view of the
wider indentations, it is likely that
the initial roughness of the failure
surfaces is greater for (a) than for
(b). Consequently, higher contact
stresses and additional shear stres-
ses necessary to shear off rough
spots will cause initially a larger
friction force in (a). After some
slip, the degree of smoothness, and
therefore the magnitude of the cont-
tact stress, will assume similar
values for both cases. With the as-
sumption that the effect of the lack
of fit is comparable for both strands,
the friction force will tend to ap-
proach the same magnitude after a
certain slip (Figure 12.12).
The effect on bond of strand
related to the lack of fit may be
summarized as follows:
Ideally, strand with a perfect
geometric shape (if every cross sec-
tion along the length of the strand
is identical) will develop a bond-
slip relationship similar to one ob-
tained with plain wire. This has
been verified for some of the test
specimens at small slips (strand of
Coil I I, Figure 12.12).
With increasing slip, however, a
deformed-bar effect develops which
causes the bond strength to increase
with slip. This effect is due to
irregularities in the shape of the
strand. The irregularities lead to
a lack of fit between the strand and
the concrete, thus increasing the
lateral confining stresses.
A second effect influencing the
bond-slip relationship of strand at
very small slips is due to the sur-
face roughness of the steel. This
effect may be understood in the light
of the following considerations. Be-
cause of bearing under the lugs, the
bond force of deformed bars increases
immediately after the interlocking
shear keys of the plain part of the
bar have failed. On the other hand,
the bond force of plain bars with
very smooth surfaces will drop im-
mediately after the initial shear
failure has taken place. Consequently,
it may be assumed that bars with
rough surfaces will develop bond-
slip relations which, immediately
after the initial shear failure, will
range somewhere between the two ex-
treme cases.
12.5 CONCLUDING REMARKS
With the conceptual model de-
veloped in this chapter to explain
bond of strand, it was possible to
predict the initial bond strength of
strand on the basis of test results
obtained with plain wire. It was
shown that the inclined-plane effect
due to the twisted shape of strand
had little influence on the initial
bond strength because of the small
twist angle a of strand. It was also
possible to determine the influence
of the lateral pressure on the initial
bond strength using the conceptual
model.
It was possible to show that the
inclined-plane effect and the tor-
sional stiffness of strand had little
influence with respect to sliding-
bond strength of strand. This led
to the conclusion that a perfectly
shaped strand would exhibit bond
characteristics similar to those
developed by plain wire. It was not
possible, however, to predict, theo-
retically, the bond force developed
during the sliding phase of the bond-
slip relationship because of the
difficulties involved in making deter-
ministic assumptions concerning the
irregularities in the shape of the
strand.
The disadvantage of not being
able to predict the bond force of
strand beyond the initial bond
strength is not very important con-
sidering the fact that the sliding-
bond strength of strand remains
approximately constant with increas-
ing slip (Figure 5.1).
XIII. THE APPLICATION TO PRACTICAL PROBLEMS
OF DATA FROM 1-IN. PULL-OUT TESTS
13.1 INTRODUCTORY REMARKS
Short-length pull-out tests pro-
vide a valuable means to study the
effect of various parameters influ-
encing the bond properties of rein-
forcing steel. The results are very
informative with respect to the fun-
damental bond-slip relation between
steel and concrete. However, short-
length pull-out tests can be useful
for practice only if the results can
be projected directly to such prob-
lems as determining the bond force
developed over a given bonded length
or the anchorage length for a given
bond force.
In the following sections, the
applicability of a theoretical meth-
od to solve the above problems by
using results from one-in. pull-out
tests is discussed. The theoretical
results are compared with actual
test values.
13.2 THEORETICAL DETERMINATION OF
THE BOND FORCE-SLIP RELATIONSHIP FOR
A GIVEN BONDED LENGTH
Theoretically, it is possible
to calculate, by an iterative method,
the bond force-slip relation for any
bonded length of strand if the unit
bond force-slip relationship and the
stress-strain curve of the strand
are known.
The analytical method is based
on the following assumptions:
(A) The change in slip over a
given bonded length is equal to the
change in length of the steel. With
this assumption, the deformation of
the concrete is neglected. The error
is negligibly small because the de-
formation of the concrete is usually
very small compared to that of the
steel. Because of the uncertainties
involved in the assumptions concerning
the concrete deformations, it does
not seem reasonable to include the
concrete deformations in the calcula-
t ion.
(B) The change in steel force
over a given bonded length is equal
to the bond force transferred to the
concrete.
(C) The unit bond force-slip
relation measured in the 1-in. pull-
out tests represents the actual
bond-slip relation between strand
and concrete.
Consider now a pull-out specimen
with a given bonded length. The steel
stress at the trail end of the
specimen is equal to zero. For a
given trail-end slip, the bond force
and the slip distribution along the
bonded length are to be determined
using the bond-slip relationship
indicated by the 1-in. pull-out test.
The bond force and the slip are de-
termined iteratively at small inter-
vals of the bonded length progressing
from the trail end of the specimen
to the attack end. A detailed de-
scription of the calculation, which
was performed with the aid of a
digital computer is given in Appen-
dix E. I .
Using an average unit bond force-
slip relationship of 7/16-in. strand
obtained from 1-in. pull-out tests
and a modulus of elasticity for
6
strand of 28 x 10 psi, slip distri-
bution along the bonded length were
calculated for various trail-end
slips as shown in Figure 13. 1.
Simultaneously, the bond force de-
veloped by the strand was calculated
as a function of the bonded length
(Figure 13.2).
After calculating the relation-
ships of the bond force and the slip
versus the bonded length for several
trail-end slips, it was possible to
construct complete bond-slip curves
for any given bonded length both for
the trail-end and for the attack-end
slip. Relationships obtained in this
manner are plotted in Figures 13.3
and 13.4, versus actually measured
test curves from Series SA09-18.
The agreement between calculated
and measured results is favorable.
The bond-slip relationships shown in
Figure 13.3 indicate that the bond
force at which the trail end started
to slip could be calculated almost
exactly on the basis of the 1-in.
pull-out tests. However, at trail-
end slips ranging from 0.001 in. to
0.1 in., the calculated bond force
was constantly lower than the mea-
sured bond force. The difference
increased with the bonded length.
This discrepancy is understandable
in the light of the bond stress-slip
relations of Series SA09-18 plotted
in Figure 3.5. The bond-slip curve
of the 1-in. tests on which the cal-
culation was based dropped immediately
after the initial bond strength was
exceeded and increased only after a
slip of approximately 0.03 in. had
developed. Tests with larger bonded
lengths did not exhibit this marked
drop in bond force. Since the calcu-
lation was based on the bond values
of 1-in. tests, all theoretical bond-
slip relations reflect this drop.
The difference in the shape of
the unit bond-slip curves in Figure
3.5 may be explained with the help
of the lack-of-fit hypothesis. Con-
sider an infinitesimally small bonded
length of strand. This length would
not develop any effects due to lack
of fit if pulled out of the concrete.
Consequently, the bond force would
drop immediately after the inter-
locking concrete keys have sheared
off. In contrast, a large embedment
length would develop a substantial
differential slip between trail end
and attack end. Therefore, by the
time shear failure takes place at
the trail end the slip developed at
the attack end will be so large that
the strand near the attack end wedges
because of lack of fit. As a result,
it is not likely that the entire
bonded length slips suddenly after
the initial bond strength is exceeded
at the trail end. Consequently, the
drop in bond force observed in the
short-length pull-out tests does not
occur. It appears that 1-in. speci-
mens approach the bond characteristic
of an infinitesimally short length
while specimens with bonded lengths
equal to or larger than 3 in. exhibit
the bond characteristics of large
bonded lengths.
The difference between the cal-
culated and the measured bond force
related to the attack-end slip ob-
served immediately after the trail
end has started to slip (Figure 13.4)
may be explained in a similar manner.
The pronounced drop of the calculated
bond force was caused by the fact
that the calculation was based on 1-
in. pull-out tests.
The difference between the cal-
culated and the measured bond force
related to the attack-end slip ob-
served before the trail end has slip-
ped may be attributed partly to the
fact that the deformation of the con-
crete was not taken into account in
the calculation. On the other hand,
the measured relationships shown in
Figure 13.4 may not be absolutely
correct because the measurements of
the attack-end slip had to be correct
for the deformations of the strand
and the concrete specimen, which
required several assumptions (Sec-
tion A.6) .
In view of the fact that the
calculated bond forces, related to
the trail-end as well as the attack-
end slip (after the trail end has
slipped), were always smaller than
the measured bond forces, it may be
concluded that the method of calcu-
lating bond-slip relationships on
the basis of results obtained from
I-in. pul l-out tests leads to safe
s and satisfactory results.
13.3 THEORETICAL DETERMINATION OF
THE ANCHORAGE LENGTH IN PRESTRESSED
MEMBERS
The anchorage length of strand
in a pretensioned, prestressed member
can be determined, in a similar man-
ner to that described in Section 13.2,
for any level of prestress on the
basis of results obtained from 1-in.
pull-out tests. Required for the cal-
culation are the stress-strain curve
of strand and a unit bond force-slip
relationship which is characteristic
both for the strand and the concrete
used. The assumptions on which the
calculation is based are identical
to those of Section 13.2.
The anchorage length is defined
as the length of strand necessary to
transfer the entire effective pre-
stressing force of the pretensioned
strand to the concrete by bond. The
effective prestressing force is that
force that acts on the concrete mem-
ber immediately after the release of
ed the prestress (i.e. the prestressing
force minus the force lost by the
instantaneous deformation of the
strand and the concrete).
Because of the definition of the
anchorage length, the following
boundary conditions are known: (a)
at the end of the prestressed member,
the steel stress is equal to zero;
(b) at the end of the anchorage
length (in the interior of the beam)
the steel stress is equal to the ef-
fective prestress while the slip is
equal to zero (it is assumed in the
calculations that any bond stress, no
matter how low, causes a relative
movement between the steel and the
concrete). Since the end conditions
are known both for the steel stress
and the slip at the end of the an-
chorage length in the interior of
the beam, the calculation, consisting
of a simple iteration procedure, is
started at this end following a sim-
ilar method as that described in
Section 13.2.
It is known that the prestressing
force of the strand diminishes to-
wards the end of the prestressing
member while the slip between the
strand and the concrete increases.
The iteration process, in which the
steel stress and the slip are deter-
mined at small intervals progressing
from the end of the anchorage length
towards the end of the prestressed
member, is terminated when the steel
stress in the strand becomes zero.
The anchorage length is determined
by the sum of the iteration intervals
required. A detailed description of
the calculation procedure is given
in Appendix E.2.
Using a typical unit bond force-
slip relation (the average of the
results of the nine pull-out tests,
Figures F.13 and F.14, prepared
together with the prestressed beams
described in Appendix F), a modulus
of elasticity for strand of 28 x 10
psi, and an effective prestress of
160 ksi, the calculation yielded
slip and steel stress distributions
within the anchorage zone as indicated
in Figures 13.5 and 13.6. The nearly
linear curve in Figure 13.5 shows
that an average bond stress could
have been used without the iteration
procedure to obtain approximately the
same result. This is due to the ap-
proximately flat bond response for
strand with increasing slip.
The calculated anchorage length
plotted as a function of the effec-
tive prestress is shown in Figure
13.7. The curve in this figure could
also have been obtained by a simple
calculation using an average constant
bond stress.
In order to check the applica-
bility of the calculation method
based on results of 1-in. pull-out
tests, five pretensioned prestressed
beams were tested as described in
Appendix F. The reinforcement in the
beams consisted of two 7/16-in.
strands. In three beams, the strands
were placed 2 in. above the bottom,
and in two beams, 10 in. above the
bottom. The effective prestress im-
mediately after transfer of the pre-
stressing force into the beam was ap-
proximatley 160 ksi. The anchorage
length was determined by measuring
the strain distribution of the con-
crete at the level of the reinforce-
ment.
For reasons stated in Appendix
F, the length of strand required to
transfer 90 percent of the effective
prestressing force was measured and
called L(90). This value was com-
pared with the calculated results.
Table 13.1 shows the calculated
and the measured data for the three
beams in which the strand was placed
2 in. from the bottom of the beam.
The calculation was based on the
average bond-slip curve of the nine
pull-out tests that were performed
together with the above beams
(Appendix F, Figure F.14).
Before comparing the calculated
with the measured data, it should be
noted that the scatter of the measured
individual values was considerable,
although the effective prestress and
the concrete strength were within
three percent for the three beams.
The scatter was comparable to that
encountered in pull-out tests and is
credible in view of the fact that it
is more difficult to achieve uniform-
ity in curing and settlement con-
ditions for large beams than for
small pull-out specimens. The large
influence on bond of curing and set-
tlement was discussed in Chapters
6 and 7.
The calculated lengths L(90)
were within +9, +25, and -1 percent
of the measured average length L(90)
for each beam. The calculated slip
was within +9, +12, and 0 percent of
the measured average end slip. As
far as conclusions may be drawn from
three tests, it appears that the
calculation based on 1-in. pull-
out tests using non-pretensioned
strand provided a reasonably safe
estimate both for the anchorage
length and the end slip. This is
consistent with the results found in
Section 13.2 which indicated that the
average bond force developed by a
given length of non-prestressed strand
was a little higher than the calcu-
lated values because the bond char-
acteristics of 1-in. specimens dif-
fered slightly from those of specimens
with longer bonded lengths.
Considering the above results,
it may be concluded that the bond
characteristics of a non-prestressed
strand subjected to pull-out forces
do not differ significantly from those
of a pretensioned strand subjected to
puZll-in forces. Theoretically, the
state of the contact stresses between
the strand and the concrete is dif-
ferent for both cases. If a non-pre-
stressed strand is subjected to pull-
out forces, the strand diameter tends
to contract due to the axial tension.
Consequently, there should be a re-
duction of the compressive stress be-
tween the strand and the concrete.
On the other hand, if a prestressed
strand is pulled into the concrete
after the release of the external
pretensioning force, the diameter of
the strand will tend to expand due to
the elastic shortening of the strand
and cause the strand to wedge within
the concrete channel (Hoyer Effect).
The resulting radial contact pres-
sures for full prestress may be on
the order of several thousand psi if
elastic behavior of the concrete and
perfect contact is assumed.
In practice, the contact stresses
due to the Hoyer Effect appear to be,
at least for strand, considerably
smaller than assumed on a theoretical
basis. Concluding from the reason-
ably good agreement of the calculated
and the measured anchorage length of
the pretensioned strand as well as
the calculated and the measured bond-
slip relation of the nonprestressed
strand, the effect of the wedging of
the strand in a pul l-in case may ap-
parently be neglected in practice.
This assumption agrees with test re-
sults reported by Keuning (12) who
found that the difference between the
bond strength of strand developed in
pull-in test and a pull-out test was
not significant. It should also be
noted that the steel tensile stress
reached in the 1-in. pull-out tests
was less than 15,000 psi. Although
the Hoyer Effect would not have been
registered in the test results,
neither would the negative Hoyer
Effect.
Since the anchorage length and
the end slip could be predicted
satisfactorily by the iteration tech-
nique described above, it may be as-
sumed that the calculated slip- and
steel-stress distribution (Figures
13.5, 13.6) are fairly reliable, too.
Consequently, it may be derived from
the analytical results that the full
anchorage length of strand, L, is on
the average
L= 1.12 x L(90). (13.1)
For the two beams with the re-
inforcement near the top surface,
no directly comparable results from
pull-out tests were available to
confirm the measured data by com-
puted values. However, the ratio of
the anchorage lengths and the end
slips between the two types of beams
with different depths of concrete
under the strand showed exactly the
same trend as the pull-out tests de-
scribed in Chapter 7. Figure 7.2,
for instance, shows that, for a slip
of 0.5 inches, specimens with a 10-in.
depth of concrete under the strand
developed, on the average, only 75
percent of the bond strength of spec-
imens with a depth of 2 inches. Com-
pared with this, the anchorage lengths
developed by the beams with the
strand near the top surface were, on
the average, 28 percent higher than
those of the beams with the strand
near the bottom.
13.4 CONCLUDING REMARKS
It is shown that the entire bond-
slip relation for any bonded length
of a non-prestressed strand could be
calculated by using the results of
1-in. pull-out tests. It was also
possible to predict, on the basis of
1-in. pull-out tests, the anchorage
length and the end slip of strand in
a pretensioned prestressed member.
It appeared that the calculated
values provided a lower bound to the
test results. This was caused by
the fact that pull-out specimens with
a bonded length of 1-in. have bond
characteristics that differ slightly
from those of specimens with larger
embedment lengths. The difference
was explained with the effect of the
lack of fit. To use a unit bond
force-slip relation based on a larger
bonded length would, in general, not
yield any advantage because the mag-
nitude of the unit bond force deviates
from the true unit bond force with
increasing bonded length. The degree
of deviation depends on the slope
of the actual unit bond force-slip
relationship (Chapter 3).
For practical purposes, the
theoretical determination of the
anchorage length and the end slip in
a prestressed member, based on re-
sults fron 1-in. pull-out tests, ap-
pears to be adequate. Therefore, it
may be concluded that I-in. pull-
out tests provide data that are ap-
plicable directly to practical prob-
lems. Furthermore, if the bond-slip
curve from the 1-in. test is nearly
flat in the range of slips expected
for the case under consideration,
the average bond stress from the 1-
in. test can be used directly to
determine anchorage length and slip.
XIV. RECOMMENDATIONS FOR DESIGN
14.1 INTRODUCTORY RE7MARKS
In the design of pretensioned
prestressed concrete members, it is
desirable to know the anchorage
length of the prestressing reinforce-
ment as well as the build-up of the
steel stresses within the anchorage
zone in order to be able (a) to
calculate the shear stresses near the
end of the member, (b) to determine
the distribution of the anchorage-
zone stresses perpendicular to the
prestressing reinforcement, and (c)
in short members, to establish that
part of the member for which full
prestress is available.
In the following section, recom-
mendations are made concerning the
anchorage length of seven-wire (round
wire) strand. These recommendations
are based on the results of 486
pull-out tests and five prestressed-
beam tests described in this investi-
gation as well as the results of
several investigations, reviewed in
Chapter 1, carried out at other re-
search institutions.
14.2 BASIC ANCHORAGE LENGTH
The anchorage length is defined
as the length required to transfer
the full, effective prestressing force
to the concrete bond. The critical
steel stress, less than the preten-
sioning stress existing in the pre-
stressing bed, is the effective pre-
stress immediately after release of
the prestressing force.
In design practice, it is tacitly
assumed that there is a unique value
for the anchorage length of a given
strand at a specified prestress.
Actually this value can vary over a
considerable range depending on fac-
tors such as condition and position
of the strand and workmanship. In
order to discuss the effects of the
pertinent variables, it is necessary
to define a basic anchorage length
for a set of specified conditions as
follows:
(a) The effective prestress
immediately after release of the pre-
stressing force is 175 ksi. This
value is the maximum allowable steel
stress for strand with a tensile
strength of 250 ksi according to the
Building Code Requirements for Rein-
forced Concrete [ACI 318-63, paragraph
2606 (a)2.].
(b) The prestressing force is
released gradually into the concrete
member.
(c) The strand is clean, and
free of oil, grease, or sever cor-
rosion.
(d) The concrete strength at
the time of release is 4,000 psi.
(e) The strand is placed in a
horizontal position such that the
depth of concrete below the strand
is no more than 2 inches.
For the above conditions, the
average anchorage length may be as-
sumed to be
L = CD (14.1)
where L = anchorage length, C = co-
efficient reflecting the surface con-
ditions of the strand, and D = nomi-
nal diameter of the strand.
Results from pull-out tests per-
formed with strand have indicated
that C may vary for different lots
of strand despite the specified con-
ditions described under (c) above.
Figure 14.1 shows two distribu-
tions for the anchorage lengths de-
termined on the basis of individual
results from pull-out tests:
(a) The distribution indicated
by the heavy line represents the re-
sults from 153 pull-out tests in-
cluding four strand sizes (1/4, 3/8,
7/16, and 1/2-in. strand). The
strand had been stored in the labora-
tory for periods ranging from three
to five years. The surface had a
dull, dry appearance although it
could not be described as rusty.
(b) The distribution indicated
by the shaded area represents the re-
sults from 30 pull-out tests with
7/16-in. strand (Coil II) which had
been stored in the laboratory for
less than one half year. Its surface
was very clean and shiny.
The distributions are shown for
concrete of Mix A (average compressive
strength = 5,400 psi). The anchorage
lengths determined from tests with
different concrete strengths were
normalized to a concrete strength of
5,400 psi using the relationship be-
tween concrete strength and anchorage
length indicated in Figures 14.2 and
14.3.
Distribution (a) yields a mean
anchorage length of 49 strand diameters,
or normalized to a concrete strength
of 4,000 psi (Figure 14.3) , 55
strand diameters. The average basic
anchorage length for that type of
strand would therefore be
L = 55 D. (14.2)
The variation of individual an-
chorage lengths expressed in terms of
the mean plus and minus two standard
deviations ranged from 33 to 65 strand
diameters, or normalized to a con-
crete strength of 4,000 psi, from 39
to 71 strand diameters.
Distribution (b) yields a mean
anchorage of 69 strand diameters, or
for a concrete strength of 4,000 psi,
a mean value of 77 strand diameters.
The average basic anchorage
length for that type of strand would
therefore be
L = 77 D. (14.3)
The mean plus minus two standard
deviations ranged from 43 to 96
strand diameters, or for a concrete
strength of 4,000 psi, from 51 to
103 strand diameters.
A direct comparison of anchorage
lengths determined on the basis of
results from pull-out tests using
only concrete of Mix A (average con-
crete strength = 5,400 psi) and 7/16-
in. strand from Coil I and Coil II
(Table A.2) is presented in Figure
14.4.
If the individual anchorage
lengths of 7/16-in. strand from
Coil I I measured in three prestres-
sed test beams, as described in Ap-
pendix F, are normalized to an ef-
fective prestress of 175 ksi and a
concrete strength of 4,000 psi, the
average anchorage length is found to
be 69 strand diameters, with the in-
dividual values varying from 56 to
90 diameters. The measured anchorage
lengths are thus within the range
predicted on the basis of the pull-
out tests presented by distribution
(b) .
As demonstrated by the data in
Figure 14.4, two strands of presum-
ably the same type and diameter may
have different bond characteristics
depending on the surface conditions,
even if both strands are termed free
of corrosion.
The basic value of the anchorage
length for the conditions described
above may be affected by several
variables. Their influences will be
discussed in the following sections.
14.3 EFFECT OF STRAND PROPERTIES
14.3.1 Prestress Level
It may be assumed that the an-
chorage length increases approximately
in linear proportion to the effective
prestress. This assumption was con-
firmed by tests and computations
based on bond-slip relationships from
pull-out tests (Section 13.3, Figure
13.7).
14.3.2 Strand Size
As expressed by Equation 14.1.
it may be assumed that the anchorage
length varies approximately linearly
with the strand diameter. This simply
reflects the fact that the anchorage
length varies in proportion to the
bonded area. Anchorage lengths mea-
sured by Kaar as well as results from
pull-out tests (Chapter 5, Figure 5.7,
Figure 14.3) confirm the above assump-
tion.
14.3.3 Surface Conditions
The surface conditions of the
strand may have a significant in-
fluence on the anchorage length.
(a) Rusted strands were found
to have better bond characteristics
than clean strand. Depending on the
extent of the corrosion, the anchor-
age length for rusted strand may be
up to 30 percent shorter than that
for clean strand(8,1)
(b) Surface films of grease,
oil, or dirt which may be deposited
on the strand during handling in the
prestressing plant are known to re-
duce the bond strength significantly.
As a result, the anchorage length
will be larger than that for clean
strand.
14.4 EFFECT OF CONCRETE PROPERTIES
14.4.1 Concrete Strength
Conclusions and test results con-
cerning the effect of the concrete
strength on the anchorage length are
not quite consistent (see Section
F.8.7 and Table F.4). The anchorage
lengths predicted on the basis of
bond-slip relationships from pull-
out tests indicate that the anchorage
length decreases with increasing
concrete strength (Figures 14.2,
14.3). Kaar , on the other hand,
found on the basis of a large number
of beam tests that the concrete
strength ranging from 1,600 to 5,500
psi had no significant influence on
the anchorage length.
In practice, the variation of
the concrete strength will be rela-
tively small since the prestress will
be released as early as possible in
most cases. The minimum allowable
concrete strength at release of the
prestress, according to the Building
Code Requirements for Reinforced Con-
crete [ACI 318-63, paragraph 2,618
(b)], is 3,000 psi for strand with
diameters equal to or smaller than
3/8 in., and 3,500 psi for larger
strands. The Standard Specifications
for Highway Bridges, AASHO, (Section
1.6.18), requires a minimum concrete
strength at the time of the release
of prestress of 4,000 psi.
In view of the above, it appears
advisable to neglect the influence
of the concrete strength on the an-
chorage length and to assume the
basic value for the anchorage length
as discussed in Section 13.2.
14.4.2 Shrinkage
Results from many pull-out tests
have indicated that the bond strength
is affected by all variables related
to shrinkage such as curing conditions,
consistency, and age of the concrete
(Chapter 6). This is caused by the
fact that the reduction of the con-
crete volume due to shrinkage ini-
tiates lateral pressures at the con-
tact face between strand and concrete.
These stresses result in an increase
of initial bond strength (Chapter 8).
Despite the significant influence
of shrinkage on the anchorage length,
it is not possible to take its effect
into account explicitly for practical
purposes. However, special bond tests
should be made in case expansive or
shrinkage-compensating cements are
used.
14.4.3 Age of Concrete
The bond strength between strand
and concrete was found to increase
with the age of the concrete at which
the load was applied (Section 6.5).
Part of the increase is due to the
increase in concrete strength. The
greater part is attributable to shrink-
age, an effect which appears to be
dissipated over a long period of
time, possibly because of relief of
shrinkage stresses.
For practical purposes, the in-
fluence of the age of the concrete
on the anchorage length may be ne-
glected, since the time at which the
prestress is released, in practice,
varies at the most by a few days.
According to the results described
in Section 6.5, the effect of the
age on the bond strength is hardly
noticeable over such a short period
of time.
14.5 EFFECT OF SETTLEMENT OF
CONCRETE
Aggregates and water seperate
in the early phases of the fresh
concrete due to differences in their
specific gravities. If strand is
held rigidly, with respect to the
formwork, during the hardening pro-
cess of the concrete, the solid parts
of the concrete mix tend to settle
away from the strand in the direction
of gravity while the water tends to
rise towards the top of the concrete
member. This may lead to a reduced
area and quality of concrete on that
side of the strand that faces into
the direction of the gravity forces
The resulting loss of bond strength
will depend on the amount of settle-
men t.
Settlement of concrete is af-
fected by many parameters (Chapter
7). The most significant parameter
is the depth of concrete that settles
Results from pull-out tests (Chapter
7) and beam tests (Appendix F) in-
dicated that the bond strength is
reduced markedly for depths exceeding
2 in. of concrete below a horizon-
tally placed strand.
Based on the results of Figure
7.2 and Table F.2, the following
percentages of the basic value of
the anchorage length are recommended
with respect to the depth of concrete
below the strand (Figure 14.5).
(A) Depth < 2 in. 100
(B) Depth > 12 in. 140
For depths ranging from





2 to 12 in.,
anchorage
lengths may be obtained by a linear
interpolation.
Draped strands may be treated
as horizontal strands. An average
depth of concrete may be assumed
within the anchorage zone.
For strands prestressed in the
vertical direction, no test data are
available. Concluding from results
obtained with deformed bars, an in-
crease of the basic value of the an-
chorage length by at least 40 per-
cent seems to be advisable.
14.6 EFFECT OF LATERAL PRESSURE
Lateral compressive stresses act-
ing perpendicular to the contact face
between strand and concrete were found
to have a significant influence on
the bond strength (Chapter 8). Al-
though no direct results concerning
the anchorage length are available,
it may be expected that the anchorage
length is influenced to the same ex-
tent by lateral pressure as the bond-
slip relationships developed in pull-
out tests.
In practice, lateral compressive
stresses perpendicular to the strand
in the anchorage zone may be caused
by various sources such as support
reactions, lateral prestressing forces,
or shrinkage deformations. Since it
is difficult to predict the stress
conditions at the contact between
strand and concrete, the consideration
of the beneficial influence of lateral
stresses on the anchorage length does
not seem to be justified unless tests
under similar stress conditions show
otherwise.
14.7 EFFECT OF TIME
Bond between strand and concrete
is provided by two mechanisms: (a)
mechanical interlocking between the
microscopically rough strand surface
and the concrete which does not per-
mit any measurable slip, and (b) a
friction mechanism between two slid-
ing contact surfaces after the inter-
locks have sheared off (Chapter 11
and 12). During the frictional phase
the strand must wind or twist itself
through a rigid predetermined con-
crete channel. Although the tor-
sional stiffness of the strand is too
small to increase the bond strength
by causing a significant increase of
contact pressure between the strand
and the concrete, it was found that
slight variations of the pitch or
the diameter of the strand along its
axis causes wedging of the strand.
This lack-of-fit effect, which in-
creases with the slip, causes the
bond strength to increase after the
interlocks have sheared off. In con-
trast to that, the bond stress of
plain wire drops immediately after
the shear failure of the interlocking
keys because wire does not exhibit
this lack-of-fit effect. Typical
bond-slip relations for strand and
plain wire are shown in Figure B.l.
Pull-out tests subjected to sus-
tained loading over a period of 15
months have implied that the initial
interlocking bond strength may decay
with time. In Series SBL12-1, the
strand started to slip after a period
of one-half year. This may have been
due to a gradual reduction of contact
stresses between strand and concrete
due to creep and the formation of
shrinkage cracks. The reduction may
be as large as 20 to 30 percent.
The frictional bond of strand at
large slips appears to be less sensi-
tive to time under sustained loading
than the initial bond, because the
lack-of-fit effect which is respon-
sible for the relatively high bond
strength at large slips depends more
on geometric conditions and less on
the state of lateral stresses. Pull-
out specimens that have slipped under
sustained loading seemed to reach a
state of equilibrium at a slip of
approximately 0.1 inch.
The end slip of strand, caused
by the transfer of the prestress, is
on the order of 0.05 to 0.1 in. de-
pending on variables such as level of
prestress, size of strand, or type of
release. With the assumption that,
due to sustained loading, the bond
strength is reduced by 5 percent at
a slip of 0.1 in. and by 20 to 30
percent at a slip of 0.0001 in., the
average bond strength affecting the
anchorage length may be assumed to be
reduced by 10 to 15 percent if the
slip distribution within the anchorage
zone is taken into consideration.
Accordingly, the anchorage length of
strand may possibly increase under
sustained loading by 10 to 15 percent.
A definite increase of the an-
chorage length of strand with time
has not been observed over periods
up to one year ( 6 ' (Appendix F). It
must be noted, however, that in the
tests the prestress decreased with
time due to shrinkage and creep of
the concrete and relaxation losses
in the strand. This loss of prestress
may balance the reduction of the
bond strength. Kaar adjusted the
anchorage lengths measured at certain
time intervals to the original pre-
stress and found that the average
increase of the anchorage length
would be approximately 6 percent, the
maximum increase 19 percent. These
values, however, were not observed
in actuality.
The influence of time on the
anchorage length of plain prestress-
ing wire may be more significant than
that for strand. As pointed out
above, frictional bond of plain wire
is not improved by the lack-of-fit
effect. Consequently, the bond
stresses depend on lateral stresses
throughout the whole range of slip.
The reduction of the bond stress, or
the increase of the anchorage length,
may therefore be expected to be pos-
sibly as much as 20 to 30 percent if
the same assumptions are made as
those for strand.
Test results reported in litera-
ture vary considerably. Ros(25) re-
ported that the anchorage length of
2- and 3-mm wires doubled with time.
Marshall, (26) and Evans(27) found an
approximately 100-percent increase
in the anchorage length of plain
0.08-in. wire over a period of one
year. On the other hand, Base(2
8 )
reported that the anchorage length
of plain 0.2-in. wire increased very
little over a period of one-half year.
Rusch 6 )  found no increase in the
anchorage length of plain 2-mm wire
over a period of three months.
On the basis of the understanding
of the bond mechanism developed in
this investigation and the evidence
provided by Ros, Marshall, and Evans,
it would not be unreasonably conser-
vative to assume that the anchorage
length for wire would increase with
time by as much as 100 percent.
14.8 EFFECT OF WORKMANSHIP
14.8.1 Vibration
Bond-slip relationships from
pull-out tests indicated that omitting
vibration of the concrete may lead
to a reduction of the bond strength
by as much as 40 percent (Figure 7.2).
In order to ensure a short anchorage
length, the vibration of the concrete
in the anchorage zone should be car-
ried out with special care.
14.8.2 Release of Prestress
The anchorage length was found
by several investigators to be sen-
sitive to the way in which the pre-
stressing force was released 
1 
',6,7)
Releasing the prestress gradually
resulted in the shortest anchorage
l ength. Cutting the strand increas
the anchorage length to a maximum.
The difference was found to be as
high as 20 percent for strands up to
1/2-in. diameter, and as high as 30
percent for 6/10-in. strand
( 7 )
14.9 Concluding Remarks
Although the anchorage length
depends on many parameters which can-
not be controlled by the designer, a
knowledge of the range of the anchor-
age length that may be expected under
certain circumstances is required in
design of pretensioned prestressed
structures.
The average anchorage length may







Anchorage length in inches.
Factor reflecting the depth
of concrete below the strand
(Section 14.5). This fac-
tor may range from 1.0 to
the strand which is going to be used
in the structure. Consequently, he
has to use a safe value for the co-
efficient C. On the basis of the
results described in Section 14.2 and
anchorage lengths measured in beams
(Table F.4), a value of C = 70 ap-
pears to be adequate. Thus, the an-
chorage length may be estimated by
the expression
L = 70 A B D
175 (14.5)
B = Factor reflecting the type
of release of the prestress
(Section 14.8.2). This
factor may vary between
1.0 and 1.3. Assuming that
the strand is cut after
careful preheating of the
strand, an average of 1.1
may be assumed.
C = Factor reflecting the sur-
face roughness of the steel.
Its value is discussed in
Section 14.2.
D = Nominal strand diameter in
inches.
f = Effective prestress in the
se
strand immediately after
release of the prestress
in ksi.
Other factors than those given
in Equation 14.4 are more difficult
to quantify. It is possible, how-
ever, since the quality of the work-
manship is of great significance for
a short anchorage length, to demand
a tight control over it by the man-
ufacturer.
In general, the designer does
not know the surface conditions of
It should be emphasized that this
equation refers to an average value.
In choosing an anchorage length, the
designer should consider the signif-
icance of an overestimate of the bond
strength on the safety and service-
ability of the structure. In inves-
tigating shear stresses near the sup-
ports, it would not be overconserva-
tive to increase the value given by
Equation 14.5 by 50 percent. On the
other hand, in investigating anchor-
age-zone stresses, the value given
by Equation 14.5 should be reduced
by 50 percent.
In case the information concern-
ing the anchorage length of pre-
stressing strand under a given set of
conditions is not sufficient, it is
advisable to perform a series of pull-
out tests (Appendix A) under the con-
ditions for which the information is
required and use the average bond-slip
relationship to estimate the anchorage
length. Since the bond-slip relation-
ship of strand is generally a fairly
flat curve, a good estimate of the
anchorage length may be obtained by
using an average unit bond force.
XV. SUMMARY
The main objective of this in-
vestigation was to develop a funda-
mental understanding of the nature
of bond between strand and concrete
and to establ ish the effect of various
parameters on the anchorage length
for prestressing strand.
The experimental part of this
investigation consisted of 486 pull-
out tests and five prestressed-beam
tests. With a few exceptions, an
embedment length of 1 in. was used
for the pull-out tests in order to
obtain bond-slip relationships that
were nearly independent of the bonded
length and characteristic for the
strand used.
A hypothesis was developed to
describe the nature of bond between
strand and concrete. The investiga-
tion showed that the test results of
the 1-in. pull-out tests could be
applied directly to practical design
problems. Recommendations for the
anchorage length of strand in pre-
tensioned prestressed beams are
made on the basis of data from pull-
out tests as well as beam tests.
The hypothesis on the nature
of bond between strand and concrete
may be summarized as follows:
(1) Bond between strand
and concrete is provided by two
mechanisms: (a) a physical inter-
locking between the microscopic,
rough steel surface and the sur-
rounding concrete and (b) a fric-
tional mechanism between two
sliding contact surfaces after
the original interlocks have
sh.eared off. No significant
slip (less than 0.0001 in.) takes
place during the initial inter-
locking phase.
(II) During the frictional
phase, the strand slips. Be-
cause of the helical arrangement
of the exterior wires, strand
rotates while slipping through
the concrete channel. The max-
imum torsional moment created by
this rotation was found to pro-
duce contact pressures between
the strand and the concrete that
were too small to cause a signif-
icant increase in bond.
(111 ) Ideally, the bond char-
acteristics of a perfectly made
strand (if every cross section
along the length of the strand
is identical) should be similar
to those of plain wire. How-
ever, slight irregularities in
the arrangement of the exterior
wires result in wedging of the
strand in the concrete channel.
This deformed-bar effect acts
only during the frictional phase
and increases with the slip.
The bond-slip characteristics
of strand as measured in the pull-
out tests were found to be influenced
by the following variables:
(IV) Strand diameter: The
bond strength per unit length
of strand increased approximately
in linear proportion to the
strand diameter which was varied
in this investigation from 1/4
to 1/2 inch.
(V) Concrete strength:
The bond strength of strand in-
creased by approximately ten
percent per 1,000 psi of con-
crete compressive strength. The
range of concrete strengths in
the tests varied from 2,400 to
7,600 psi.
(VI) Shrinkage: The lateral
pressure due to shrinkage act-
ing normal to the surface of the
embedded strand increased the
bond strength markedly. There-
fore, all parameters investiga-
ted that varied with shrinkage
were found to affect the bond
strength. Such variables were
consistency, curing conditions,
and age of the concrete.
(VII) Settlement of Concrete:
The bond strength of strand held
in a horizontal position during
casting decreased rapidly with
increasing depth of concrete
below the strand due to settle-
ment of the fresh concrete. A
depth of concrete of 6 in. below
the strand caused the bond
strength to drop by as much as
30 percent with respect to that
obtained for a concrete depth
of 2 inches. Beyond a con-
crete depth of 10 in., the bond
strength tended to approach a
constant value. The maximum
observed reduction of the bond
strength was approximately 35
percent with respect to the av-
erage bond strength developed
for a depth of 2 inches.
(VIII) Lateral pressure: Re-
sults from pull-out specimens
subjected to externally applied
lateral pressures ranging from
zero to 2,500 psi indicated a
linear increase of the bond
strength of strand with the lat-
eral pressure. The effect was
greater for the initial bond
strength (interlocking phase)
than for the frictional phase.
(IX) Time effects: (a) The
effect of the age of the concrete
was not investigated systematic-
ally. However, the available
test data indicate that the ini-
tial bond strength may increase
during the first 20 to 50 days
and then decrease again. At a
concrete age of 15 months, the
initial bond strength was almost
identical to that developed at
an age of eight days. (b) Under
sustained loading, the initial
bond strength which may take
place as late as one half year
after the application of the
load may be as high as 30 per-
cent. The bond strength at large
slips (0.1 in.) was less sensi-
tive to sustained loading.
A major objective of this inves-
tigation was to apply the results
from the pull-out tests directly to
practical problems.
(X) With the aid of a
simple iteration procedure and
the results from 1-in. pull-out
tests, it was possible to pre-
dict the measured bond-slip re-
lationship, both for the attack-
end and the trail-end slip, for
any given bonded length of
strand subjected to pull-out
forces.
Using the same procedure,
it was possible to calculate the
anchorage length of strand in a
pretensioned prestressed beam
for any given prestress. The
results demonstrated that data
from 1-in. pull-out tests with
nonprestressed strand can be
used directly to determine the
anchorage length of a pre-
stressed strand.
On the basis of results from
pull-out tests, and prestressed beam
tests conducted during this investi-
gation and in other laboratories,
the following recommendations may be
made with respect to the anchorage
length of strand:
(XI) The anchorage length
is a direct function of the
strand diameter and the prestress.
The average anchorage length,
L, may be expressed as
L = 70 A B D se175 (15.1)
where A = coefficient reflecting
the settlement of the concrete
(range: 1.0 to 1.4, depending
on the depth of the concrete be-
low the strand); B = coefficient
reflecting the type of release
of the prestress (range: 1.0
to 1.3); D = nominal strand
diameter, fse = effective pre-
stress (in ksi) immediately
after release of the prestress-
ing force.
Equation 15.1, without
representing factors such as
surface conditions of the strand,
concrete properties, and quality
of workmanship, gives an average
value based on laboratory tests.
According to observations made
with pull-out tests, the average
anchorage length, under field or
plant conditions, may vary from
values 50 percent smaller to 50
percent higher than that suggested
by Equation 15.1.
XVI. APPENDICES
APPENDIX A, DESCRIPTION OF PULL-OUT
TESTS
A.1 Introductory Remarks
This appendix presents a de-
scription of the materials used, the
test specimens, the loading system,





used for all test specimens (Brand:
Universal Atlas, Type Ill).
A.2.2 Aggregates
Sand and pea gravel from the
Wabash River were used in all con-
crete mixes. The origin of these
aggregates is an outwash of the
Wisconsin glaciation. The sand con-
sisted mainly of quartz. The major
constituents of the gravel were
limestone and dolomite. The sand
had a fineness modulus of approxi-
mately 3.0. The maximum size of the
gravel was 3/8 inch. A character-
istic sieve analysis for both the
sand and the gravel is shown in Fig-
ure A.I. The sand and gravel were
oven-dried and cooled before mixing.
A.2.3 Concrete Mixes
Six different mix proportions
were used during the whole test pro-
gram. The proportions of the mixes
and the average strength character-
istics of the resulting concrete are
listed in Table A.I. All proportions
are given in terms of dry weights.
In each mix proportion, the ratio of
the volume of cement plus sand to the
volume of gravel was kept constant.
It was approximately 1.2.
The majority of all test speci-
mens was cast using mixes designated
A, B, and C. The average nine-day
compressive strengths of these mixes
were approximately 5,500, 7,500, and
2,500 psi. It was intended to keep
the slump constant at 1.5 in. in all
three mixes.
Mixes D and E were designed as
variations of Mix A. The consistency
of the concrete, indicated by the
slump, was varied whereas the water-
cement ratio was kept unchanged. The
mix proportions were chosen in such
a way that approximately the same
concrete strength as for Mix A was
obtained. Mix F was used only in
one test series.
The concrete properties and the
age of the concrete at the time of
testing are listed in Table B. ]
through B.4 for each individual test
series.
The compressive strength of the
concrete was determined from tests
on three 6 by 12-in. cylinders. The
loading speed was 60,000 lb per
minute. The splitting strength was
found from three 6 by 6-in. cylinders
loaded by a compressive force on op-
posite generators of the cylinder.
Strips of stiff fiber board, 1/8 in.
thick and 1/2 in. wide, were placed
between the heads of the testing
machine and the cylinder to distrib-
ute the load uniformly along the
length of the specimen. The loading
speed was 9,000 lb per minute.
The average splitting strength
of each test series is plotted versus
the average compressive strength in
Figure A.2. The following expression
approximately satisfies the relation-
ship between the splitting strength
and the compressive strength:
f = 5.5/f' (A.1)
sp c
Both stresses are expressed in psi.
A.2.4 Steel
The reinforcing strand used in
this test program consisted of seven-
wire (round wire) strand with nominal
diameters of 1/4 in., 3/8 in., 7/16
in., and 1/2 in. The 1/4-in. , 3/8-
in., and 1/2-in. strands were cut
from one roll each. Two rolls were
used for the 7/16-in. strand. The
surface of the strand was clean and
not corroded. The measured properties
of the strand such as cross section-
al area, pitch, angle of twist, and
the apparent modulus of elasticity
are listed for each strand size in
Table A.2. The modulus of elasticity
was measured with the strand clamped
at both ends of a 25-in. length. The
deformation over 10 in. was measured
with a mechanical gage.
The plain wires used in the tests
were cut from the straight center
wires of the different strand sizes.
The diameters are listed in Table
A.2. The surface characteristics of
the center wires were approximately
identical to those of the exterior
wires of the strand.
In a few test series, 5/16-in.
square steel bars were used. For
reasons stated in Chapter 10, it was
required to twist the bars by dif-
ferent amounts. The twisting was
accomplished in a lathe without sub-
jecting the bar to any axial force.
The torque was applied by rotating
one end of the bar about its axis
while holding the other end in a
grip that permitted axial motion.
Bars with lengths of approximately
5 ft were twisted in one piece.
The center of the bar was supported
by a sleeve to prevent buckling. The
degree of twisting along the axis of
the bar was fairly uniform up to a
twist angle of approximately 30°.
(The twist angle was formed by the
helical edges of the twisted bar and
its longitudinal axis). Beyond that,
the uniformity decreased rapidly
because of local twist concentrations.
A.3 Description of Specimens
The basic pull-out specimen con-
sisted of a 4 by S-in. concrete prism.
The steel (strand, wire, or square
bar) was centered in the middle of
the specimen parallel to the long
side. The length over which the
steel was actually bonded to the con-
crete was shorter than the length of
the concrete prism. The rest of the
embedded length was kept free from
bond by thin-walled metal pipes that
were drawn over the steel. In most
cases, the bonded length was only 1
in., located at mid-height of the
concrete prism. Figure A.3 shows a
typical specimen split in two halves.
Regardless of the bonded length,
a length of 4 in. was left unbonded
at the end where the pull-out force
was to be applied. For bonded
lengths greater than 2 in., the
length of the concrete specimen was
extended such that 2 in. of steel
could be left free of bond at the
unloaded end of the specimen. Thus,
the length of the concrete specimen
was equal to the bonded length plus
4 in. plus 2 inches.
The specimen was cast in such a
way that approximately 5 in. of
strand extended from the concrete
prism at the end where the load was
to be applied, and 3 in. at the free
end where the slip was to be mea-
sured.
In some cases, the depth of the
concrete specimen was varied to study
its effect on bond. The steel, how-
ever, remained centered for all spec-
imens in the upper cross section of
4 by 4 in. with respect to the
direction of pouring.
A.4 Casting and Curing
The length of steel (strand,
wire, square bars) that was to be in
contact with the concrete was treated
with utmost care. First, it was
brushed with a steel brush to clean
it of surface dirt. Then it was
carefully washed with acetone and
trichlorethylene to remove any grease
that might have been deposited on
the surface while handling the steel.
This treatment may be considered as
being unrealistic if compared with
common field practice. However it
was necessary in order to obtain a
maximum of uniformity in the test
conditions.
Two steel pipes with a wall
thickness of approximately 0.016 in.
were pulled over both ends of the
steel so far that only the bonded
length (mostly 1-in. long) was still
visible. The inner diameter of the
pipes was chosen so that the pipes
could slide along the steel with a
minimum of clearance between the pipe
and the steel. The clearance at the
ends near the bonded length was sealed
with hot sealing wax. This procedure
could be accomplished so that the
desired bonded length was obtained
with a maximum error of 0.06 in. or
6 percent of a bonded length of
I inch.
The steel strand, which was
delivered by the manufacturer in
rolls, retained a curvature when cut
into short pieces, especially in the
larger diameters. Therefore, all
specimens were cast in steel forms
which had clamping devices on the
end plates to keep the strand
straight during casting and harden-
ing of the concrete. (Figure A.4).
Before casting, the steel pipes
were thoroughly greased with cup
grease. The concrete was mixed in a
pan-mixer. All specimens of one test
series were cast from one batch. The
concrete was vibrated with an interi-
or vibrator at four spots in a con-
stant pattern. The vibration was
done by the same person throughout
the whole test program. For each
batch, three 6 by 12-in. cylinders
and three 6 by 6-in. cylinders were
cast to determine the compressive
and splitting strength of the con-
crete.
The specimens and the cylinders
were left in their forms for two
days and kept moist by covering them
with wet burlap. After two days the
forms were struck and the pipes,
which were intended to prevent bond
between the concrete and the steel
outside the bonded length, were pul-
led out. This could be done with
ease .
The specimens and the cylinders
were stored in the moist room at a
relative humidity of 100 percent for
four more days. Afterwards they
were brought to a room with a con-
stant relative humidity of 50 per-
cent and a temperature of 730 Fahr-
enheit. They were kept there until
the time of testing. Most pull-out
tests were carried out at an age of
eight or nine days. Some test series,
particularly the tests to be conducted
under lateral pressure, were carried
out at a higher age (two to three
weeks) because both the preparation
and the testing required more time
than for standard pull-out tests.
The specimens to be tested
under lateral pressure needed a
special treatment. After being
cured for six days, the surface was
carefully smoothed with sand paper.
All pores were filled with gypsum
plaster (Hydrocal). The surface was
painted with a liquid solution of
neoprene, which hardened to a rubbery
coat of approximately 0.00 4 -in.
thickness. The four long faces of
the specimen were wrapped into a
shim steel with a thickness of 0.004
inches. On one side the shim steel
was overlapped and sealed with epoxy
gl ue.
A.5 Test Setup
A Tinius Olsen Uceltronic test-
ing machine was used for all tests
(Figure A.5). Its maximum loading
capacity was 12,000 lb. Eight dif-
ferent load ranges were available,
the lowest one having a range of
120 lb. The machine made it possible
to control the pull-out speed exactly
since its loading system was com-
pletely mechanical. The concrete
specimens were placed into a steel
cage, which was fixed to the upper
head of the testing machine through
a hinge (Figure A.6). The longer end
of the steel, sticking through a hole
at the bottom plate of the cage, was
gripped by a strand grip or the jaws
of the testing machine which in turn
were fastened to the lower head of
the testing machine by another hinge.
The two hinges had two degrees of
freedom, but they were restrained
from rotating around the vertical
axis.
Two different principal test
setups were used: (a) The steel
cage was supported by a thrust bear-
ing at the top, thus permitting the
cage, and along with it the concrete
prism, to rotate ostensibly freely
around the vertical axis. The actual
rotational restraint of the thrust
bearing, caused by roll ing friction,
was measured and found to be linearly
proportional to the thrust within
the range of the applied pul l-out
forces. The magnitude found was
approximately 4 lb in. per 1,000 lb
of thrust. (b) The steel cage was
supported without thrust bearing. In
this case the steel cage was com-
pletely restrained from rotating
around its vertical axis.
Between the concrete prism and
the bottom plate of the cage a thin
foam rubber plate was placed to com-
pensate for stress concentration due
to an uneven concrete surface.
A completely different test
setup was necessary for the sustain-
ed-load tests. Specimens of standard
dimensions were loaded using a can-
ti lever system (Figure A.7). The
applied load, which could be varied
by either changing the weight or
the lever arm, could be determined
with an accuracy of + 20 lb.
A.6 Measurements
The basic measurements in all
pull-out tests were limited to load
and slip readings. The slip was
measured by a dial indicator with a
reading sensitivity of 0.0001 inches.
The dial indicator was held by a
heavy metal ring which rested on the
top surface of the concrete prism
(Figure A.8) . The pointer of the
dial was kept in contact with the
free end of the steel. Thus, the
dial recorded the slip of the steel
at the end of the bonded length versus
the top surface of the concrete prism.
A special system to hold the
dial indicator was designed for the
sustained-load tests. Shrinkage of
the upper half of the concrete prism
would affect the readings if the slip
would be measured with the system
described above over a long period
of time (Figure A.8) . In order to
eliminate the shrinkage deformations
from the dial readings, a frame hold-
ing the dial indicator was clamped
at mid-height to the vertical sides
of the concrete prism (Figure A.7).
Thus, the dial readings indicated
directly the slip of the steel, which
was bonded over a length of 1 in. in
the center of the specimen, versus
the concrete at the same level.
In many pull-out tests contain-
ing strand or twisted square bars,
the untwisting of the steel versus
the rigidly held concrete prism was
measured. In other tests the rota-
tion of the unrestrained concrete
prism versus the steel was investi-
gated. For this purpose, a 5-in.
long pointer was glued onto the top
of the free end of the steel, and the
amount of rotation was read off a
scale at the end of the pointer (Fig-
ure A.6).
In tests with bonded lengths
larger than 2 in., the slip was mea-
sured on both ends of the bonded
length. In addition to the 0.0001-
in. dial used to measure the slip at
the unloaded end of the strand, two
dials with a reading sensitivity of
0.001 in. were clamped to the loaded
end of the strand to record the
attack-end slip. The pointers of the
dials were in contact with the steel
plate supporting the concrete
specimen.
According to the test setup
shown in Figure A.8, the measured
slip at the loaded end of the strand,
indicated by the average of the two
dial readings, included the follow-
ing extraneous deformations in ad-
dition to the actual slip between
strand and concrete: (a) the de-
formation of the concrete console
around the bonded length; (b) the
elastic deformation of the strand
between the bonded length and the
attachment of the dial indicators
to the strand; (c) the deformation
of the concrete specimen between
the bonded length and the supporting
steel plate; and (d) the elastic de-
formation of the supporting steel
plate.
The deformation of the concrete
console around the bonded length
was primarily a shear deformation.
A special test series, BB09-1, was
conducted to determine the magnitude
of the shear deformation. The test
results are discussed in section B.3.
The relationship found between the
deformation of the concrete console
and the unit bond force indicated
that the deformation was on the order
0.00015 in. per 1,000 lb of unit bond
force.
The elastic elongation of the
unbonded length of strand could be
determined without difficulty. The
modulus of elasticity was measured
to be 28 x 106 psi, the free length
of strand was 9.5 inches. For a
pull-out force of 1,000 lb, the
elastic deformation of a 7/1 6 -in.
strand (Coil II) was determined to
be 0.0029 inches.
The elastic deformation of the
concrete specimen below the bonded
length was determined on the basis
of a simplified assumption. The
bond force was assumed to act at mid-
height of that part of the bonded
length which has slipped more than
0.0001 inches. From that point, a
distribution of the stresses in the
concrete under an angle of 450 was
assumed. A more precise determina-
tion of the concrete deformation on
the basis of elasticity solutions
would have been of little advantage
in view of the uncertain assumptions
about the concrete properties and the
questionable validity of a purely
elastic solution. For a bonded
length of 3 in. and a force of 2,000
Ib, the deformation of the concrete
was calculated to be 0.0004 inches.
At 11,000 lb and a bonded length of
20 in., the calculated deformation
was approximately 0.004.
The elastic deformation of the
supporting steel plate was negligible.
A.7 Application of Lateral Pressure
The specimens of seven test
series were tested under externally
applied lateral pressure. A cross
section of the pressure apparatus,
is shown in Figure A.9. The appara-
tus consisted of a cylindrical steel
chamber with end plates. The end
plates had a square opening of such
dimensions that the concrete prisms
wrapped in a 0.00 4 -in. thick shim
steel could barely be slipped in.
The end of the chamber opening was
wider leaving a square ring space
between the concrete prisms and the
chamber of 1/2 inch. Into this space
a lead ring, poured in advance, was
inserted and pounded in with such
effort that the lead was forced not
only to fill the space completely
but also to withstand pressures up
to 4,000 psi without significant
leaking. The lead was held in place
and even compressed further by two
end steel plates which were tightened
against the steel chamber with six
1/2-in. bolts.
The pressure chamber was con-
nected with an electric hydraulic
pump (Figure A.10). Oil was used
as pressure fluid. The pressure was
measured with a 10,000-psi Bourdon
gage. A close-up of the pressure
apparatus with the test specimen in
place is shown in Figure A.1
A.8 Test Procedure
All specimens were loaded with
the same speed. The speed of the
moving head of the testing machine
was held constant at 0.05 in. per
minute. At the beginning of the test,
the slip dial was set to zero. The
first load reading was taken when
the dial had moved to 0.0001 in.
From then on the load was read at
certain slip intervals. The tests
were discontinued after the slip had
reached a magnitude of 0.15 inches.
The test procedure for the spec-
imens being subjected to lateral pres-
sure was basically the same. The
desired lateral pressure was applied
before the pull-out test was started.
It was kept constant during the whole
test.
In some tests the attack-end
slip was measured in addition to the
trail-end slip (Figure A.8). The two
dials at the attack end were recorded
by an automatic camera, which was
released simultaneously with the read-
ings taken at the trail-end dial.
The test procedure for the sus-
tained-load tests was as follows:
Three short-time pull-out tests were
conducted on ostensibly identical
specimens. The average initial bond
force (bond force at a slip of 0.0001
in.) was determined. The sustained-
load test specimens were then loaded
to different percentages of that
initial short-time load.
APPENDIX B, PRESENTATION OF PULL-
OUT TEST DATA
B.1 Identification of Test Series
Each test series is identified
by a sequence of letters and numerals.
The first letter characterizes the
type of reinforcement in the pull-
out specimen (S = strand, W = wire,
Q = square bar, U = straight, non-
twisted strand, B = bolt). The sec-
ond letter represents the type of
concrete mix. The proportions of
the six different concrete mixes,
marked A through F, are given in
Table A.l. The third letter, if used,
refers to a particular test setup:
P stands for the lateral pressure the
specimens were subjected to, and L
stands for long-time or sustained-
load test. The two-digit number fol-
lowing the letters identifies the
age of the concrete at which the
specimens were tested. The number
after the dash represents the numer-
ical sequence of the test series.
They were numbered consecutively as
long as the specimens shared the
same type of steel and concrete mix,
and, in addition, were tested in the
same test setup.
B.2 Unit Bond Force-Slip Curves
A sequence of simultaneous force
and slip measurements provided the
basic information about the bond prop-
erties of strand. Thus, a measured
force-slip relationship is reported
for every test. It would have been
desirable to express the quality of
bond in terms of bond stress, i.e.
bond force per unit area, however
this was not possible since bond of
strand is not only a function of its
surface area but also of its geometry.
As an alternative, the magnitude of
bond was plotted in terms of bond
force per unit length, and was called
unit bond force. Although a function
of the strand size, this term pro-
vides a simple measure of bond. It
should be characteristic for every
strand. The term of unit bond force
will be used for strand and twisted
square bars throughout the whole
investigation. For plain wires, the
magnitude of bond was expressed in
terms of bond stress.
The slip was plotted to a log-
arithmic scale in most graphs. The
reason was the large range of slip
measurements extending from 0.0001
in. to 0.15 inches. The maximum
end slip of 7/16-in. strand, pre-
stressed to 160,000 psi, was in the
order of 0.07 in. as beam tests in-
dicated. The main interest was
therefore concentrated in the slip
range below this value. The log-
arithmic scale offered, for this
purpose, a very efficient way of
plotting although it had the disad-
vantage of not lending itself to
direct interpretation. In order to
provide a perspective of the log-
arithmic plot, a typical bond-slip
relationship for strand and plain
wire was plotted in Figure B. 1, using
both the linear and the logarithmic
scales.
The left axis of the logarithmic
plot does not indicate zero slip.
It represents the smallest slip value
that could be measured reliably. It
was observed in all tests that the
pointer of the dial indicator started
to move at a smaller load than the
initial force plotted in the log-
arithmic graphs.
In some test series, including
mainly tests with plain wire and
strand tests under externally ap-
plied lateral pressure, no bond force
slip data were obtained within the
initial slip range from 0.0001 in.
to 0.01 in., in extreme cases even
to 0.04 inch. The hand of the dial
indicator turned around for one or
several complete revolutions at
such a speed that it was impossible
to record any readings. In those
cases, the initial bond force at a
slip of 0.0001 in. was connected
graphically with the first bond force
data available at larger slip values
by a straight line in the semi-log-
arithmic plot. The straight line
seemed to be the most likely and most
consistent approach to the actual
bond force-sl ip relation.
Three identical specimens were
usually tested to investigate the
influence of one variable on bond.
Groups of three ostensibly identical
bond-slip relationships were plotted
in separate graphs. Three or four
of those graphs, representing all the
individual tests of one series,
were combined in one figure.
In Figure B.2 through B.53,
every test series carried out during
this investigation is presented in
the manner described above. These
figures contain the bond-slip rela-
tionship of each individual test.
B.3 Correction of Initial Slip
Measurements
Measurement of the attack-end
slip usually requires a correction
for the elongation of the reinforce-
ment. Measurement of the trail-end
slip needs no correction for the de-
formation of the reinforcement. How-
ever, it is necessary to make cor-
rections for the deformation of the
concrete unless the slip dial is sup-
ported immediately adjacent to the
bonded length in both the longitudinal
and transverse planes.
The test setup used in this in-
vestigation, Figure A.8, required a
correction of the slip measurement.
The slip was measured only at the
trail end in all tests with bonded
lengths equal to or shorter than 2
in. The apparent slip was measured
with respect to the edges of the
upper surface of the concrete prism
upon which the base of the dial in-
dicator rested. The possibility of
using a probe to measure the defor-
mation of the concrete immediately
adjacent to the trail end of the
bonded length was rejected because
it was desired to keep the clearance
between the concrete and the strand
outside the bonded length as small
as possible.
The bonded part of the strand
transferred the pull-out force over
a 1-in. high annular console of
concrete into the main concrete
prism. The high local stresses in
the concrete console during the
pull-out test led to local deforma-
tions which were measured as slip.
The overall deflection of the top
surface with respect to the trail
end of the bonded length was small
enough to be negligible.
In order to find out how much
concrete deformation was included in
the measured slip, tests had to be
conducted in such a way that it was
possible to measure the concrete de-
formation separately. Calculation
of this deformation involved too
many questionable assumptions about
the response of the concrete to be
of practical value. A series of
tests was designed such that virtually
no slip would be developed during
the test. High strength bolts with
a diameter of 3/8 in. and a head
filed down to a diameter of 9/16 in.
were cast into concrete prisms iden •-
tical to those used for standard
pull-out tests (Figure B.54). The
underside of the bolt head bore di-
rectly on the concrete console. While
the edges of the bolt head were not
in bond with the surrounding concrete,
the shank of the bolt, adjacent to
the head, was bonded over a length
of 1 in. The bond condition on the
shank was varied. In five speci-
mens the shank was threaded. In
four specimens the shank was plain,
and in one specimen it was plain and
heavily greased. A steel rod, welded
to the bolt head, served as an anvil
for the dial indicator. Since the
bolt head rested on an annular area
of 0.14 sq. in., negligible slip
should occur between the bolt head
and the concrete. Consequently, the
dial readings would indicate defor-
mations of the concrete console.
The measured relations between
the pull-out force and the movement
of the bolt head are shown in Figure
B.54. Bond along the shank affected
the results significantly. A clearer
perspective of the influence of bond
along the shank may be obtained by
comparing the average relationships
of the three types of tests (Figure
B.55). The curve for the bolts with
the threaded shanks may be divided
into two regimes: (a) an initial
nearly linear portion with a steep
slope, and (b) a subsequent nearly
linear portion with a relatively
flat slope. It should be noted that
the curve for the bolt with the
greased shank does not exhibit regime
(a), and the curve for the bolts
with plain shanks represents a com-
promise between the two extremes.
The movement of the bolt head
in the test without bond along the
shank must have been related to de-
formations of the concrete. The
concentrated bearing stresses, trans-
mitted from the bolt to the concrete,
cause the concrete immediately under
the bolt head to deform under stres-
ses well in the inelastic range.
The highly concentrated stress trans-
fer results in a soft force-deforma-
tion relationship. The comparatively
fast rate of the initial deformation
was probably caused by a lack of
fit between the concrete console and
the bolt head.
The movement of the bolt head
in tests with bond along the shank
is caused by a concrete deformation,
too. However, the initial deforma-
tion must represent a shear deforma-
tion of the whole concrete console.
The pull-out force is transferred
to the concrete initially by bond.
Since the force transmitted by bond
is distributed over a large area
compared with the bearing area of
the bolt head, the force-deformation
relationship is much stiffer than
that caused by bearing stresses under
the bolt head.
As long as the force in tests
with bonded shanks is transferred to
the concrete exclusively by bond,
the measured deformation represents
a shear deformation of the concrete
console. After the bond stresses
have progressed along the shank so
far that steel stresses are induced
at the end of the shank, the bolt
head starts bearing against the sur-
face of the concrete console. The
part of the force that is carried
by bond does not undergo any further
significant increase since the end
of the shank adjacent to the bolt
head cannot slip with respect to the
surrounding concrete. Thus, the bond
strength of the shank cannot be uti-
lized completely. A further increase
of the pull-out force causes the
load carried by bond to increase only
slightly owing to the differential
slip of the shank between the attack
end and the bolt head. The rest of
the pull-out force is transmitted
directly by bearing of the bolt head.
Consequently, the force-deformation
relation of tests with bonded shanks
becomes similar to that of tests with-
out bond along the shank. This is
indicated by the approximately paral-
lel slope of the force-deformation
curves in Figure B.55 at slips larger
than 0.0003 inches.
The bond conditions along the
shank determine the load at which
bearing of the bolt head becomes
effective. The better the bond along
the shank is, the more load can be
transferred by bond, and consequently
the later the bolt head starts bear-
ing.
If the force-deformation rela-
tionship for bearing alone is sub-
tracted from the combined relation-
ships caused by bond plus bearing,
a relationship should be obtained
that indicates the deformation of
the concrete console caused only by
bond forces. Actually, a somewhat
smaller force than that indicated
by the force-deformation relation
for pure bearing should be subtracted
since initially the concrete console
deforms due to bond even though the
bolt head has not started bearing.
The error attributable to this in-
accuracy is so small, however, that
it may be neglected in this applica-
t ion.
The relationships developed in
the manner described above are plot-
ted in Figure B.56. The initial
slope of the two curves represents
the relationship between the defor-
mation and the force transferred by
bond. The deviation from the initial
slope indicates that the bolt head
starts bearing against the console.
The relatively small further increase
of force represents the additional
bond forces that were activated by
the differential slip.
In pull-out tests with strand,
the force is transmitted to the con-
crete exclusively by bond. There-
fore, the force-deformation relation-
ships of these tests should follow
the initial slope of the curves plot-
ted in Figure B.56., and retain this
slooe even at higher forces since
slip is not prevented towards the end
of the bonded length by a bolt head.
Consequently, a maximum bond stress
distribution can develop on the
whole length.
In Figure B.57, the initial
portions of the measured force-"slip"
relationships were plotted for all
strands tested under lateral pres-
sure. At the beginning of the test,
the measured slip increased approxi-
mately linearly with the applied
pull-out force. At loads close to
the maximum bond force, the measured
slip started to increase at a faster
rate. The maximum bond force, final-
ly, was marked by a rapid increase
of the slip and a sudden drop of
the load (Figure B.58). The initial
slopes of the bond-slip relationships
in Figure B.57 agree very well with
the initial slope of the graph in
Figure B.56, which indicates the
shear deformation of the concrete
console. The agreement of the mea-
sured slip data and the predicted
deformation of the concrete console
confirmed the conclusion that the
deformations of the concrete console
were measured in the pull-out tests
as slip.
The increasing rate at which
the measured slip progressed near
the maximum bond force may be ex-
plained by a gradual failure of bond
between the strand and the concrete.
The gradual failure must be regarded
as a progressive type of rupture
proceeding from the attack end of the
bonded length towards the trail end.
It must be emphasized that, although
described as gradual, the failure
took place within a slip range of
approximately 0.0005 in. (Figure
B.57).
The average deformation (Figure
B.57) was approximately 0.00015 in.
per 1,000 lb of pull-out force. This
amount had to be subtracted from the
measured "slip" in order to obtain
the actual slip between strand and
concrete. Instead of using an av-
erage correction, however, each in-
dividual test was corrected by an
amount that was indicated by the
slope of the initial part of the
individually measured force-slip
relationship, plotted to a linear
scale. A typical example, showing
the measured and the corrected bond
force-slip relationships of Series
SBP 24-1 , is presented in Figure
B.58.
A few pull-out tests were con-
ducted with a bonded length larger
than I in. According to the above,
the shear deformations are propor-
tional to the shear stresses which,
in this case, are equal to the bond
stresses. For this reason, the
measured slip in tests with bonded
lengths larger than 1 in. were cor-
rected in proportion to the unit
bond force.
APPENDIX C, CONTACT STRESS BETWEEN
STEEL AND CONCRETE
C.1 Introductory Remarks
The following two sections con-
tain a discussion of the contact
stresses acting normal to the surface
of a reinforcing bar embedded in
concrete. The stresses considered
are caused (a) by lateral pressure
applied externally to the concrete
specimen, and (b) by shrinkage of
the concrete. The calculations are
based on the assumption that con-
crete is a homogeneous linearly
elastic material.
C.2 Contact Stress Caused by Ex-
ternally Applied Pressure
If a cylinder of homogeneous
elastic material is subjected to a
uniform lateral pressure, the radial
and tangential stresses on every
element within the cylinder are of
the same magnitude as the externally
applied pressure. If the cylinder
contains a core with a material of
different stiffness characteristics,
the radial and tangential stresses
vary across the cross section.
Therefore, the normal stresses acting
on a steel bar embedded in a concrete
cylinder that is subjected to an ex-
ternal lateral pressure differ in
magnitude from the stresses acting
on the surface of the concrete
cyl inder.
The cross section of the pull-
out specimens subjected to lateral
pressure was square (4 by 4 in.) with
the strand or plain wire embedded in
the center of the cross section. The
calculation of the contact pressure
between the steel and the concrete
is based on the assumption that both
concrete and steel are homogeneous
linearly elastic materials. By con-
sidering the cross section of the
concrete prism to be a circular area
with a diameter of 4 in. instead of
a square area, the problem may be
reduced to that of a thick-walled
hollow cylinder submitted to uniform
pressure on the inner and outer sur-
face. The pressure on the outer sur-
face is equal to the externally
applied pressure. The pressure on
the inner face is generated when the
deformation of the concrete cylinder
directed inward is restrained by the





The general solution for
stresses in a thick-walled cyl
is given by Timoshenko(29)
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r
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in the circumferential direction,
r = radial coordinate, a = radius of
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pressure, and p. = contact pressure
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between steel and concrete.
Under the influence of the
inner pressure p , the radius of the
steel core, a, shortens by
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where E = modulus of elasticity and
c
c = Poisson's ratio for concrete.
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By substituting the constants A and
C, the inner radius, a, of the con-
crete cylinder can be shown to short-
en by
+ vc)+ a2(1-c)] -2b2p } (C.7)
common boundary. Thus, the unknown
contact pressure, p. , is
(b -a )(1 - ) + n[b 2(l+v ) + a 2  (1-v )]
p (C.9)
(C .8)
where n = modular ratio of steel and
concrete, and k is a constant for
given geometric dimensions and elas-
tic material properties according to
Equation (C.8). The factor k de-
pends on the modular ration n. The
influence of n, however, is very
small considering the possible range
of the modular ratio for steel and
concrete (Figure C.1).
Using Poisson's ratio of 0.3 for
steel and a modular ratio of n = 8,
the factor k for 7/16-in. strand
varied from 1.67 to 1.54, when
0
Poisson's ratio of concrete was
varied from 0.10 to 0.20. For the
center wire from 7/16-in. strand, k
varied from 1.68 to 1 .55.
The theoretical distribution
of the radial and circumferential
stress along the diameter of a test
specimen with center wire from
7/1 6 -in. strand is shown in Figure
C.2. A similar distribution is
obtained for specimens with strand.
The elastic solution derived
above was based on the assumption
that every cross section of the spec
imen through the bonded length was
in a state of plane stress. The
fact that the stress distribution
along the bonded length was nonuni-
form because the bonded length was
only I in. while the external stress
was app lied to the concrete over a
length of 5 in. was not taken into
account. The stiffness of the con-
crete specimen was large enough to
make this effect negligibly small.
The small error in the analysis of
substituting a cylindrical concrete
specimen for a prism was neglected
in view of the uncertainties in the
parameters involved.
The result from the elastic
solution indicates that the contact
pressure between steel and concrete
was 60 percent higher than the stres
applied externally to the concrete
prism. It must be noted, however,
that the applicability of an elastic
solution to this case demands some
stringent conditions. The materials
in contact must be homogeneous and
linearly elastic. The moduli of
elasticity and Poisson's ratios must
be known. Furthermore, a perfect
contact between the steel and the
concrete is required. It is evident
that none of these conditions is
fulfilled exactly. Therefore, some
consideration must be given to the
effect of the contact conditions on
the actual magnitude of the contact
pressure.
(A) The magnitude of the con-
tact stress due to an externally ap-
plied pressure is very sensitive to
any relative displacement between the
steel and the concrete. According to
Equation C.7, a reduction in the
radius of the steel (center wire) by
as little as 3.7xi0 in. would cause
the contact pressure between steel
and concrete to disappear despite an
externally applied stress of 1,000
-5
psi. Only 1.5x10 in. would be re-
quired to change the value of k
(Equation C.9) from 1.6 to 1.0.
A relative displacement between
steel and concrete of the above order
of magnitude is possible for several
reasons. During the pull-out tests,
the steel contracts elastically by
an amount depending on the axial
stress in the steel and Poisson's
ratio. This effect may easily be
taken into account by replacing
Equation C.5 with
-a(I-v )p. av P
e =_ sI E 2E A
s S s
(C. o10)
where P = total pull-out force, and
A = cross sectional area of the
steel. The last term in the above
expression was divided by two because
it was assumed that the steel de-
creases approximately linearly from
the attack end of the bonded length
to the trail end.
The new expression for k taking
into account the elastic contraction
of the steel due to the axial tensile
force was found to be
2 2 2 --
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The variation of k with the pull-
out force is shown in Figure C.3
both for 7/16-in. strand and plain
wire. According to those relations
which were based on average values
of n = 8 and v = 0.15, the value
of k varied in the tests, depending
on the pull-out forces and applied
lateral stresses, from approximately
1.3 to 1.5.
A further reduction of k may be
expected by the inelastic deformation
of the concrete immediately surround-
ing the steel. Especially at higher
external lateral pressures (3,000
to 4,000 psi), the stress-strain
relationship for the concrete near
the steel i's likely to be far in the
inelastic range. Any reduction in
the stiffness of the concrete, even
if it is limited to a thin layer
around the steel, leads to a decrease
in contact pressure. Consider, for
instance, a test specimen which con-
tains a layer of concrete with re-
duced modulus of elasticity around
the steel with a thickness of roughly
0.1 in. (Figure C.4). Using the
assumed moduli of elasticity and the
theoretical expression for k given
in Figure C.4, k was found to be
1.03 in comparison to k = 1.60 for
a concrete of uniform stiffness
(E = 4xlO psi). The distribution
of the radial stress is indicated in
(C.11)
v ) + a 2 ( 1-, )]
the figure.
The concrete around the strand
may become inelastic even at smaller
stresses than mentioned above because
the contact stresses may be increased
through shrinkage by several hundred
psi.
(B) The magnitude of the con-
tact stress is very sensitive to the
quality of the material-to-material
contact between steel and concrete.
Caused by bleeding and settlement of
the fresh concrete, it is possible,
or even likely, that air pores get
trapped between the two materials.
This reduces the area of true contact,
increases locally the stress in the
concrete, and causes therefore the
concrete to become inelastic at rela-
tively low external pressures. In a
case of extremely bad contact, it is
conceivable, although unlikely, that
the value of k may drop below 1.0.
(C) In discussing the magnitude
of k, the question, of course, arises
of measuring the contact pressure.
Within current limits of instrumenta-
tions the experimental determination
of k does not seem to yield any ad-
vantages, even if very small pressure
gages would be available. Any mea-
suring device would lead to such
disturbances locally that the accu-
racy of the measurement would be
questionable.
Summarizing the above discussion,
it must be concluded that the con-
tact stress is extremely sensitive
to the smallest change in the con-
ditions of contact. All evidence
points to the fact that the factor
of k = 1 . calculated for the per-
fect elastic case is too high. The
trend of all the factors influencing
the contact between steel and con-
crete seems to indicate that the
actual value for k is much closer to
1.0 than to 1.6. It was therefore
decided to use k = 1.0 in the analysis
of the test data. It should be kept
in mind that, under certain circum-
stances, k may be as high as 1.1 or
1.2. Because of the uncertainties
involved, however, it would be un-
reasonable to differentiate for dif-
ferent cases.
C.3 Contact Stress Caused by Shrink-
age of Concrete
Since a satisfactory method of
measuring the contact stresses due
to shrinkage between concrete and a
reinforcing bar is not available,
these stresses have to be estimated
by a theoretical approach.
The calculation is based on the
same assumptions as in the previous
section. The concrete specimen is
considered as a thick-walled cylinder
submitted to uniform pressure on the
inner surface. The inner pressure
is generated when the concrete tends
to shrink but is restrained by the
steel forming the core of the cylin-
der.
Longitudinal shrinkage of the
concrete specimen produces stresses
parallel to the steel bar because of
the restraint that bond poses to free
shrinkage in that direction. If these
logitudinal stresses are neglected,
any element of the cross section may
be considered as being in a state of
plane stress. The stresses in the
concrete cylinder which are set up
when the concrete surrounding the
steel tends to shrink are determined
by Equation C. through C.4. The ex-
ternal pressure, p , in that case is
equal to zero.
According to Equation C.6 the
radial displacement, dl, of the inner
radius of the concrete cylinder due
to the restraining pressure p. , which
the steel bar exerts on the concrete,
is
a p. 2
d - - (1+ )b +(1-vc)a2 (C.12)
E (b -a
where the terms on the right side of
the equation have the same meaning as
those of Equation C.7.
Subjected to the shrinkage pres-
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If the steel had been replaced
by concrete, the radius of the circu-
lar area taken by the steel would
shrink by the amount
d = -aS3 (C. 14)
where S is the linear shrinkage strain
of the concrete.
In order to satisfy compatiblity,
the total deformation of the concrete
at radius a must equal the deforma-
tion of the steel, or
d 3 + d = d3 1 2 (C. 15)
Substituting into this expression
Equation C.12 through C.14, the shrink-
age pressure p. may be determined by
p.
I =
i 2 (l+v ) + aCc
c
S(b - a2 )
2 (l-v )]+ I
c ] 2 2(b - a )(l-v )s
If dimensions of the test speci-
mens with plain center wire and real-
istic material properties (a = 0.073
in., b = 2.0 in., E = 4xl0 6  psi,
c 6
v = 0.15, E = 29 x 10 psi, v =
0.3) are inserted into Equation C.16,
a contact stress between the concrete
and the wire of approximately 300
psi is obtained for a shrinkage stral
of 1Ox l0 5
Shrinkage strains of dry cured
concrete measured over a period rang-
ing from the second to the eighth
day after casting were found to be
in the order of 15xlO 5  (Figure
6.9). It may be assumed, however,
that a large amount of shrinkage has
taken place during the first two
days when no measurements were taken.
Therefore, it is not absurd to assume
contact stresses between concrete
and reinforcing steel due to shrink-
age to be in the order of several
hundred psi.
The method of calculating the
shrinkage stresses may not be very
accurate for several reasons. In
the calculation, it was assumed
that shrinkage was distributed uni-
formly over the entire cross section.
This assumption is not realistic
because of the nonuniform process of
drying of the concrete. Furthermore,
even if the shrinkage strains, needed
to calculate the shrinkage stresses,
can be determined accurately in the
early stages of hardening of the con-
crete, it appears to be difficult to
relate realistic stiffness properties
of the concrete to the early shrink-
age deformations.
Another very important consider-
ation should be mentioned here. Al-
though the shrinkage stresses are
relatively small compared with the
compressive strength of the concrete,
they cause the concrete to creep.
Consequently, the shrinkage stresses
are gradually reduced with time, a
phenomenon which poses another un-
certainty in the theoretical deter-
mination of the shrinkage stresses.
(C. 16)
APPENDIX D, COMPUTATION OF THE STRESS
DISTRIBUTION IN A SHEAR KEY
In Chapter 11, it was assumed
that the initial bond strength is
determined by a shear failure of con-
crete keys which are interlocked with
a microscopically rough steel sur-
face. In the following section, a
method of calculating the stress dis-
tributions in one of those concrete
keys subjected to bond forces is dis-
cussed for various assumptions about
the local transfer of stress from the
steel to the concrete.
A profile of the surface of a
cold drawn wire as measured by
Rehm(ll) with a profile meter is
shown in Figure D.la. Numerous mea-
surements made by Rehm indicated that
the depth-to-width ratio remained
approximately constant for all inden-
tations at approximately 1:10 to
1:15 .
For the purpose of the calcula-
tions, it was assumed that the steel
surface was marred by a large number
of rectangular indentations as shown
in Figure D.1c. Furthermore, it was
assumed that the deformable concrete
key was attached to a rigid mass of
concrete.
When force is to be transmitted
from the steel to the concrete, an
individual concrete key may be sub-
jected to forces as indicated in
Figure D.2a. The bond forces are
assumed to be transformed from the
steel to the concrete only through
the top surface of the shear key.
The shear forces along the vertical
face of the concrete key are neglected.
The horizontal forces, P2 , rep-
resent lateral contact pressures
caused either by shrinkage or ex-
ternally applied forces.
The uppermost part of the shear
key has the tendency to deflect in
the negative y-direction under the
loading shown. Since the steel pre-
vents any deflection in this direc-
tion, the upper part of the concrete
key was fixed with respect to move-
ment in the y-direction over a dis-
tance where negative deflections
would take place. The resulting de-
flection of the shear key due to the
loading shown in Figure D.2a is
shown in Figure D.2b.
Three loading cases were inves-
tigated (Figure D.3): Case I, with
a vertical force on the top surface
of the shear key, and Cases II and
III which involved combinations of
vertical and horizontal forces.
For the calculation of the
stresses and deflections of the shear
key, use was made of an existing
computer program . The solution
was based on finite element methods.
Triangular, two-dimensional elements
were used as indicated in Figure D.4.
The concrete was assumed to be elastic
and in a state of plane stress.
The calculation provided the
normal and shear stresses for each
of the elements shown in Figure D.4.
Deflections in the x- and y-direc-
tions were obtained at each node.
Solutions were obtained for the
following conditions:
(a) depth-to-width ratio of the
shear key = 1/10
(b) modulus of elasticity of con-
crete = 4 x 10 psi
(c) Poisson's ratio for concrete =
0. (Calculations using Poisson's
ratio of 0.2 indicated that the ef-
fect of different ratios on the
stresses was very small).
The loads acting on the shear
key as indicated in Figure D.3 were
determined such that their relative
values, Pl and P 2 , reflected a reg-
ular pull-out test on plain wire
without applied lateral pressure
(Case I), a pull-out test with a
lateral pressure of 1,000 psi (Case
I I), and a pull-out test with a lat-
eral pressure of 2,000 psi (Case
I I I). The test results were taken
from Figure 8.3.
By assuming that the loads P1
and P 2  are transferred only through
the shear key and that the bonded
area is pitted by a given number of
square indentations of the same size,
it was possible to assign relative
values for P and P2 to an individual
shear key for each loading case.
Because of the many simplifying
assumptions made, it was not attempt-
ed to find actual forces and stresses
but to determine relative values.
For this reason, the normal stresses
and shear stresses plotted for the
fixed edge of a shear key for each
loading case are given without dimen-
sions (Figures D.5 through D.7).
The stress distributions indicate
that high tensile stresses in the y-
direction exist near the top of the
shear key in all three loading cases.
This is the location where the shear
failure will start. Having failed
at the top, the failure will progress
along the presumable fixed edge of
the shear key.
In Figure D.8, the directions of
the principal stresses in the upper
half of the shear key are shown for
load Case 1. Figure D.9 presents
lines of equal principal tension in
the upper part of the shear key for
all three load cases. Again it is
shown that very high tensile stresses
are concentrated in ,the upper fixed
corner of the shear key. It should
be noted, however, that a sharp
corner as assumed in Figure D.lc does
not exist (compare Figure D.1b).
Consequently, the stress concentra-
tions will be less pronounced in the
actual case.
The relative magnitudes of the
principal tension corresponding to
failure loads in actual pull-out tests
indicate that the shear key of load
Case I is subjected to smaller
stresses than the load Cases I I and
I I . Therefore, a comparatively
higher failure load should be ex-
pected in pull-out tests of Case 1.
Because of the disturbance of stres-
ses inflicted by the sharp corner of
the assumed shear key and the purely
elastic solution of the problem, no
quantitative conclusion can be drawn
from that result.
The calculation demonstrated
that the initial failure conditions
in bond tests with or without lateral
pressure are alike and can be ex-
plained by a material failure of the
interlocking structure between steel
and concrete.
APPENDIX E, THEORETICAL DETERMINATION
OF BOND-SLIP RELATIONSHIPS FOR LONG
EMBEDMENT LENGTHS
E.1 Determination of Bond-Slip Re-
lationship for a Given Bonded Length
on the Basis of Results from 1-in.
Pull-Out Tests
The objective of the calcula-
tion described in the following sec-
tion is the prediction, on the basis
of results from I-in. pull-out tests,
of the bond-slip relationship of
strand for any given bonded length.
Given are the unit bond force-slip
relationship of strand which is as-
sumed to be characteristic for bond
between strand and concrete, the
stress-strain curve of the strand,
and the trail-end slip for which the
bond-slip relationship is to be cal-
culated.
The calculation which is to be
carried out with the aid of a digital
computer is a simple iteration pro-
cedure. It is based on the relation-
ship that the change of the slip is
equal to the absolute sum of the
changes in deformation of the strand
and the concrete, or
ds = de de + d l
ds = s c (E.I)
dx dx dx
where s = sl ip, e = deformation of
strand, ec = deformation of concrete,
and dx = differential length regarded.
Since the deformation of the con-
crete is small compared with the de-
formation of the steel, the last term
of Equation E.l was neglected. Thus,
the basic assumption of the calcula-
tion was reduced to the simple rela-
tion that the change in slip is equal
to the change in deformation of the
strand.
The iteration is started at the
trail end of the bonded length where
the slip and the steel stress (=
zero) are known. The bonded length
is divided into a number of iteration
intervals.
With the given unit bond force-
slip relationship, the bond force
developed at the end of the first
iteration interval can be determined
by assuming that the unit bond force
corresponding to the given trail-end
slip remains constant along the iter-
ation interval considered. Using
the known stress-strain relationship
of strand, the deformation of the
strand at the end of the first iter-
ation length can be calculated. Since
it was assumed above that the change
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in deformation of the steel is equal
to the change in slip, the slip at
the end of the first iteration inter-
val is determined by the sum of the
trail-end slip and the calculated
deformation of the strand. Now a
new unit bond force corresponding
to the calculated slip can be picked
from the given unit bond force-slip
relation for the second iteration
interval. This procedure is con-
tinued until the sum of the iteration
intervals equals the bonded length
for which the bond-slip relationship
is to be calculated.
The length of the iteration in-
tervals may be chosen to suit any
accuracy of the solution desired.
For the relatively slowly changing
unit bond-slip relationship of
strand, an interation length of 0.5
in. was found to be sufficient.
The degree of agreement of the
theoretical solution with the actual
test results depends merely on the
accuracy with which the unit bond
force-slip relationship of the 1-in.
pull-out tests represents the actual
bond-slip relation between strand
and concrete.
E.2 Calculation of the Anchorage
Length of Strand in a Pretensioned
Prestressed Member
The objective of the calcula-
tion method described in the follow-
ing is to determine the anchorage
length of strand in a pretensioned
prestressed member for any given
prestress on the basis of results
from 1-in. pull-out tests. Given
are the unit bond force-slip relation-
ship of strand which is assumed to
be typical for bond between strand
and concrete, the stress-strain curve
of the staand, and the prestress for
which the anchorage length is to be
calculated.
The calculation consists of a
simple iteration procedure based on
the same assumptions as discussed in
Section E. . The iteration is start-
ed at the end of the anchorage length
(in the interior of the beam) where
the conditions both for the steel
stress and the slip are known. At
this point, the steel stress is equal
to the effective prestress while the
relative slip between the strand and
the concrete is equal to zero.
Since the smallest slip mea-
surable in the pull-out tests was
0.0001 in., the shape of the bond-
slip relation for slips smaller than
this value is not known exactly.
Consequently, it was assumed that
I in. from the end of the anchorage
length towards the end of the pre-
stressed member (equal to the bonded
length of the pull-out test) a slip
of 0.0001 in. is developed after the
release of the prestressing force.
The strand force at that point is
equal to the effective prestressing
force minus the initial bond force
as indicated by the unit bond force-
slip relationship at a slip of 0.0001
inch.
The rest of the anchorage ,length
is divided in equal intervals the
length of which depends on the accu-
racy of the solution desired. Assum-
ing that the bond stress corresponding
to a slip of 0.0001 in. of the
measured unit bond force-slip rela-
tionship remains constant over the
first iteration interval, the strand
force transferred to the concrete by
bond on this length can be determined.
This force must be subtracted from
the prestressing force existing at
the beginning of the interval in
order to obtain the prestressing
force at the end of the first inter-
val. According to the assumptions
made in Section E.1, the slip at the
end of the first interval is equal
to the deformation of the strand cor-
responding to the differential pre-
stressing force. Using this slip
value, a new unit bond force may be
picked from the unit bond force-slip
relationship to calculate the pre-
stressing force at the end of the
second interval. The iterations are
continued until the prestressing
force in the strand become zero.
The anchorage length is determined
by the sum of the iteration inter-
vals required plus the initial length
of I inch.
The degree of agreement of the
calculation with actual test results
depends on the accuracy with which
the unit bond force-slip relation-
ships of pull-out tests represent
the typical bond-slip relation be-
tween strand and concrete.
APPENDIX F, DESCRIPTION AND DISCUSSION
OF PRESTRESSED-BEAM TESTS
F.1 Introduction
The objective of the prestressed-
beam tests described in this section
was to check experimentally the the-
oretical projection of results from
1-in. pull-out tests to practical
problems involving bond between pre-
stressing strand and concrete. In
particular, the end slip and the an-
chorage length of 7/16-in. strand
for two different depths of concrete
under the strand were to be investi-
gated .
Five pretensioned prestressed
concrete beams reinforced with two
7/16-in. strands were cast. The
beams were 9 ft long and had a cross
section of 6 by 12 inches. In three
beams, the strand was placed 2 in.
from the bottom, in two beams 2 in.
from the top. The concrete strength
of all beams was roughly 5,600 psi.
The anchorage length was deter-
mined immediately after the release
of the prestressing force by mea-
suring the strain distribution of
the concrete at the level of the re-
inforcement. In two beams, the end
slip and the anchorage length were
measured, in addition, at various
time intervals after release of the
prestress: 1, 6, 15, and 35 days.
With each of the three beams
with the reinforcement near the bot-
tom, a set of three pull-out specimens
was cast and tested after the pre-
stress had been released. The theo-
retical determination of anchorage
length and end slip was based on the
results of those tests.
F.2 Materials
F.2.1 Concrete
The same type of cement and ag-
gregates used for the pull-out speci-
mens was used for the beams (Appendix
A). The mix proportions of the con-
crete were identical to those of Mix
A listed in Table A.l.
The slump of the concrete, the
age at the time of testing, the ap-
parent modulus of elasticity (deter-
mined from tests on three 6 by 12-in.
cylinders), and the strength char-
acteristics are listed in Table F.1
for each individual beam.
The compressive strength of the
concrete was determined from tests
on three 6 by 12-in. cylinders. The
splitting strength was found from
three 6 by 6-in. cylinders.
F.2.2 Steel
The reinforcing strand used in
the beams consisted of seven-wire
(round wire) strand with a nominal
diameter of 7/16-inch. The proper-
ties of the strand such as cross sec-
tional area, pitch, angle of twist,
and the apparent modulus of elastic-
ity are listed in Table A.2. The
strand used in the beams was cut
from Coil II.
The surface of the strand was
clean and free of corrosion.
F.3 Description of Specimens
The exterior dimensions of all
five beams tested were identical.
The length was 9.0 ft, the cross
section was 6 by 12 in. (Figure F.l).
The beams were reinforced with two
7/16-in. strands which were placed
2 in. from the bottom in three beams,
and 10 in. from the bottom on two
beams. No stirrups were used. The
average prestress in the strand be-
fore release was 175 ksi.
The beams were identified by a
series of letters and numerals: The
first two letters, PB, stand for pre-
stressed beam, the third letter (B
or T) identifies the level of the
reinforcement referring either to
the bottom or the top level. The
numeral after the dash represents the
numerical sequence of the beams.
F.4 Prestressing
The strands were prestressed
between two concrete blocks anchored
to the test floor of the laboratory
using a hydraulic jack (Figure F.2).
The two strands of each beam were
stressed simultaneously. The tension
was controlled by dynamometers placed
under the strand grips at both ends
of the prestressing bed.
The strands were stressed until
the average load indicated by the
four dynamometers was 20.5 kips per
strand which corresponded to a stress
of 174 ksi. After tightening the nuts
on the tie rods against the bearing
plate on which the hydraulic jack
rested, the hydraulic pressure was
released. The load of each strand
was adjusted by turning the nuts
such that the two dynamometers of
each strand indicated an average pre-
stress of 174 ksi.
Prestressing of the strands took
place at least 36 hours before cast-
ing in order to allow for initial
losses of prestress due to relaxation
of the steel and slip of the wedges
in the strand grips.
F.5 Casting and Curing of Specimens
The forms were made of steel
channels. A plastic sheet was placed
on the bottom of the forms and slight-
ly oiled in order to reduce friction
between the beam and the form after
the prestressing force was released.
The strands were cleaned with
acetone immediately before casting.
Each beam was cast from one
batch of concrete. A set of three or
six 6 by 12-in. cylinders and three
6 by 6-in. cylinders was cast with
each beam. In addition, three 1-in.
pull-out specimens, prepared in the
same manner as described in Section
A.4, were cast with those beams in
which the strand was placed 2-in.
above the bottom.
The concrete was placed into the
forms in one layer and vibrated with
an interior vibrator.
The beams, the cylinders, and
the pull-out specimens were left in
their forms and kept moist by cover-
ing them with wet burlap. After two
days, the forms, except the bottom
form supporting the beams, were
struck. After keeping the specimens
moist for another four days, the spec-
imens were uncovered and left exposed
to the laboratory environment until
the time of testing (three days).
F.6 Transfer of Prestress
In all cases, the prestressing
force was transferred to the beam
on the ninth day.
The release of prestress was
accomplished by loosening the nuts
on the tie rods thus transferring the
prestressing force to the extended
hydraulic jack. Then, the valves of
the hydraulic system were opened.
Using this procedure, it was possible
to release the prestressing force of
both strands simultaneously into the
beam within a few seconds. However,
the release was gentle enough to al-
low reliable slip measurements be-
tween strand and concrete at the end
of the beam.
F.7 Instrumentation and Measurements
Four aluminum center-hole dy-
namometers were used to determine the
prestressing force applied.
In order to measure the concrete
deformation, two lines of small steel
discs with conical holes in the cen-
ter were glued to the surface of the
beam at the level of the reinforce-
ment. The relative displacement of
those reference points was measured
with a 10-in. Whittemore mechanical
strain gage. The spacing of the
reference points is indicated in Fig-
ure F.3.
In addition, special brackets
with reference points were attached
to the end of the beams in order to
measure the average strains at sec-
tions closer than 10 in. to the end
of the beam (Figure F.3). Since the
bracket was unstrained, the strain
gage readings indicated only the de-
formation of the concrete within the
gage interval. The sensitivity with
which the strains could be measured
was + 0.01 percent.
A pair of 0.001-in. dial indi-
cators was clamped to each strand at
the ends of the beam in order to mea-
sure the end slip between the strand
and the concrete. The slip of the
strand was measured with respect to
the end face of the concrete beam.
Slip- and strain measurements
were taken immediately before the
release of the prestress (zero read-
ing) and immediately afterwards.
These measurements corresponded to
the instantaneous deformations of the
concrete. For the beams PBB-3 and
PBT-2, additional measurements were
taken at the following ages after
transfer: 1, 6, 15, and 35 days.
For each beam, three 6 by 12-in.
cylinders were tested after the
prestress had been transferred in
order to determine the compressive
strength and the modulus of elastic-
ity of the concrete. At the same
time, a set of three 6 by 6-in. cyl-
inders was tested to obtain the split-
ting strength. As modulus of elastic-
ity of the concrete, the secant
modulus determined at 50 percent of
the compressive strength was chosen.
In connection with those beams
that were cast with the reinforce-
ment located 2 in. above the bottom,
three pull-out specimens were tested
in the same manner as described in
Appendix A.
F.8 Discussion of Test Results
F.8.1 Evaluation of Test Data
The anchorage length in a pre-
tensioned prestressed member is de-
fined as the length of strand neces-
sary to transfer the entire effective
prestressing force of the pretension-
ed reinforcement to the concrete by
bond. The effective prestressing
force immediately after release is
equal to the pretensioning force minus
the force lost by the instantaneous
deformation of the strand and the
concrete.
The anchorage length can be de-
termined approximately by measuring
the strain distribution of the con-
crete at the level of the reinforce-
ment. According to the definition
of the anchorage length, a constant
strain distribution must be obtained
theoretically in the center part of
the beam between the two anchorage
zones. The strain in the anchorage
zone decreases from the constant
strain at the end of the anchorage
length to zero at the end of the beam.
The anchorage length is therefore
determined by the distance between
the end of the beam and the cross
section that develops the maximum
concrete strain.
Because of a certain shear lag
between the location of the actual
stress transfer at the surface of the
strand and the exterior surface of
the concrete, the anchorage length
determined by the concrete strain
distribution may be slightly larger
than the actual anchorage length.
However for small concrete covers,
this error is negligibly small.
In practice, it is difficult to
determine exactly the cross section
at which the full concrete strain is
developed because of the unavoidable
scatter of the strain measurements
and the slightly asymptotical ap-
proach of the strain distribution to
the constant strain plateau.
In order to obtain comparable
results from various tests, the length
of strand required to develop 90 per-
cent of the full concrete strain
(which corresponds to 90 percent of
the full prestressing force) was de-
termined and called L(90). This
value could be measured with greater
reliability. According to calcula-
tions discussed in Section 13.3, the
full anchorage length is obtained ap-
proximately by multiplying L(90) by
1.12 .
F.8.2 Effective Prestress
The prestress of the strand im-
mediately before release of the pre-
stressing force into the concrete
was, on the average, 167 ksi (Table
F.2). The difference in the individ-
ual prestress of the two reinforcing
strands was less than three percent
in each beam.
The effective prestress between
the two anchorage zones of the beam
immediately after release of the
initial prestress was found to be,
on the average, 159 ksi . The average
effective prestress of each beam,
listed in Table F.2, was determined
by subtracting from the prestress
measured before release the steel
stress corresponding to the average
concrete strain measured in the cen-
ter part of the beam.
The effective prestress decreases
with time due to creep and shrink-
age of the concrete.
F.8.3 Concrete Strains
The measured strain distribu-
tions on both sides of each beam are
shown in Figures F.4 through F.8.
It was noted that in beams with the
reinforcement near the bottom, the
strains measured on both sides of
the beam differed significantly.
They varied by as much as 25 percent.
The prestressing forces of the two
reinforcing strands, however, imme-
diately before release of the pre-
stress varied by less than 3 percent.
An eccentricity of 0.1 in. of the
resultant force would cause the
stresses on the two faces of the beam
to differ by approximately 20 percent
of the smaller stress. Therefore,
the variation in the measured strains
does not appear unreasonable.
F.8.4 Anchorage Length
The lengths L(90) measured for
both anchorage zones of each strand
are listed for every beam in Figures
F.4 through F.8 and in Table F.2.
The values varied from 18 to 28 in.
for the beams with the strand located
2 in. above the bottom. The average
was 22 inches. According to the cal-
culation described in Section 13.3,
the full anchorage length (112 per-
cent of L(90)) may be expected to be
on the average 25 inches. This value
corresponds to a length of approxi-
mately 57 times the nominal strand
diameter.
For the two beams with the strand
located near the top surface, the
measured values for L(90) varied from
26 to 30.5 in. The average was
roughly 28.5 inches. This corresponds
to a full anchorage length of approxi-
mately 32 in. or a length of 73 times
the strand diameter.
On the average, the anchorage
length in beams with the reinforcement
placed 10 in. above the bottom was
28 percent larger than that developed
in beams with the strand placed 2 in.
above the bottom. This difference is
consistent with data from pull-out
tests which were performed to study
the influence of the settlement of
concrete under the strand (Chapter
7). The results of those pull-out
tests indicate that, on the average,
the settlement of a 10-in, thick layer
of concrete under the strand reduces
the bond strength, compared to that
developed by specimens with a 2-in.
thick layer, by approximately 25 per-
cent for an average slip of 0.05 in.
(Figure 7.2). The end slip developed
in the beams was roughly 0.10 inches.
It should be noted that the
average anchorage length of all beams
measured at the release end was prac-
tically identical to that measured
at the fixed end. The same result
was true for the average values of
the end slip.
F.8.5 End Slip
The end slip of each strand
measured immediately after release
of the prestressing force is listed
in Table F.2. For beams with the
strand placed near the bottom, the
end slip ranged from 0.051 to 0.076
in., with an average value of 0.068
inches. For beams with the strand
near the top surface, the end slip
ranged from 0.088 to 0.103 in. with
an average value of 0.096 inches.
The larger slip of the strand placed
near the top of the beam is related
to the reduced bond strength because
of the effect of settlement.
F.8.6 Effect of Time on Anchorage
Length and End Slip
In two beams (PBB-3 and PBT-2) ,
the end slip and the strain distribu-
tion were measured at various time
intervals after the release of the
prestress: immediately, and at 1,
6, 15 and 35 days. The strain dis-
tributions are plotted separately for
each side of the two beams in Figures
F.9 and F.10.
The measured lengths L(90)
indicated by arrows in Figures F.9
and F.10, are listed in Table F.3.
It was observed that L(90) did not
change over the time of observation.
The small variations shown in Table
F.3 are due to the scatter of the
test results. The end slip, measured
to an accuracy of 0.001 in., did not
change either with time for both
beams (Table F.3).
It should be noted that the pre-
stressing force did not stay constant
with time because of creep and shrink-
age deformations of the concrete.
Figure F.11 presents the variation of
the average concrete strain with time
in the center part of the two beams.
Using these strains, the average loss
of prestress in the strand can be cal-
culated. The effective prestress of
the two beams is plotted as a function
of time in Figure F. 12. The graphs
indicate that the prestressing force
decreased by approximately eight per-
cent over a period of 35 days.
F.8.7 Comparison of Test Data with
Results from Other Investigations
Comparing test results related
to bond which were obtained in dif-
ferent laboratories is difficult be-
cause bond is sensitive to various
parameters that defy simple defini-
tion, such as,
(A) surface roughness of the
stell (Section 12.4)
(B) irregularities in the shape
of strand (Section 12.4)
(C) curing conditions of the
concrete (Section 6.4)
(D) shrinkage conditions of
the concrete (Section 6.3, 6.5)
The reference given in paren-
theses refers to the sections in
which the effect of the particular
variable on bond is discussed.
The difference in the magnitude
of the anchorage length observed in
literature may be a result of varia-
tions of test conditions of the type
mentioned above.
Table F.4 lists the average an-
chorage length for 7/16-in. strand
measured by other investigators or
extrapolated from results of tests
with other strand sizes. The major
conditions under which the tests
were performed are given, if report-
ed, in the table.
The required interpolations or
extrapolations were made with the
following assumptions:
(A) The length required to
transfer a given percentage of the
prestressing force to the concrete
is linearly proportional to the
amount of prestressing force trans-
ferred.
(B) The anchorage length in-
creases in linear proportion to the
effective prestress.
(C) The anchorage length in-
creases in linear proportion to the
strand diameter.
Assumption (A) is based on the
results of the theoretical (Figure
13.5) and experimental (Figures F.4
through F.8) determination of the
steel stress distribution within the
anchorage zone or the recognition of
the fact that the bond-slip response
for strand is virtually flat.
The second assumption is con-
firmed fairly well for strand by
theoretical considerations based on
results from pull-out tests (Figure
(7)
13.7) as well as by test results
The third assumption is justi-
fied by results of pull-out tests
(Figure 5.7) and beam tests . Al-
though the results indicate that, for
a given prestress, the anchorage
length of small strand sizes may be
slightly shorter in proportion to
the nominal diameter than that for
large strand sizes, the error is
small.
The anchorage lengths measured
and extrapolated for 7/1 6 -in. strand
and an effective prestress of 175 ksi
differ significantly. The difference
may be caused by the effect of various
experimental parameters as mentioned
above. Concluding from the scatter
in the test results of three ostensi-
bly identical beams (Table F.2) and
data from many pull-out tests, a fair
amount of scatter between the anchor-
age lengths measured in different
laboratories must be expected. It
was not possible to assign statistical
weights to the various values because
of lack of information on experimental
detai Is.
With a few exceptions, the an-
chorage length of 7/16-in. strand
manufactured in the U. S. is around
27 in. or 62 times the nominal strand
diameter. This length would be re-
quired to develop the effective pre-
stress of 175 ksi immediately after
transfer. According to the Building
Code Requirements for Reinforced
Concrete (ACI 318-63), (1963) this
would be the maximum allowable pre-
stress for strand with a strength of
250 ksi. The Code requires that the
effective prestress immediately after
transfer be less than 0.7 times the
strength of the strand or 175 ksi.
On the basis of data obtained
in the course of this investigation
and tests made elsewhere, the in-
fluences of the major variables ap-
pear to be as follows.
(A) Concrete Strength: Con-
clusions about the effect of concrete
strength are not consistent through-
out the available body of experimen-
tal data .
The pull-out tests on strand
with diameters ranging from 1/4 in.
to 1/2 in. reported here indicated
that the bond strength of strand in-
creases at a rate of approximately
ten percent per 1,000 psi of concrete
strength.
Rusch and Rehm who conducted
an extensive investigation to study
the anchorage length of 16 different,
mostly deformed, prestressing steels
found that, in general, the anchorage
length decreased with increasing con-
crete strength. Their results for
strand, however, obtained from only
three beam tests, each with a dif-
ferent concrete strength, were not
conclusive.
Ratz et at report a signifi-
cant influence of the concrete
strength on the anchorage length of
0.19-in. strand (see Table F.4). It
must be mentioned, however, that in
most of the tests only the end slip
of the strand was measured while the
anchorage length was determined
analytically.
Janney(31) found that concrete
Janne
strength has a relatively small ef-
fect on the transfer length of plain
wire.
The most comprehensive study on
the effect of concrete strength on
the transfer length of strand was
carried out by Kaar et at . It
was found that the concrete strength
had practically no influence on the
anchorage length of strands with di-
ameters up to 1/2 inch.
In view of the practical range
of variation for concrete strength in
prestressed concrete members, it ap-
pears that the effect of concrete
strength may be ignored in practical
considerations with the caution that
a large accidental reduction in con-
crete strength may increase the an-
chorage length by approximately ten
percent per 1,000 psi of concrete
compressive strength.
(B) Manner of Release: The an-
chorage length of strand up to 1/2-
in. diameter may be as much as 20 per-
cent larger at the end where the pre-
stress is released suddenly than at
the end where it is transferred slow-
ly 6) The difference may be even
larger for 0.6-in. strand.
(C) Surface Characteristics:
Rusted strand and deformed strand
developed shorter anchorage lengths
than clean strand (8, 1).
(D) Time-Dependent Effects:
The anchorage length of strand did
not increase with time up to one
year(7, 6) Section F.8.6. However,
it must be noted that the prestressing
force of the strand decreased consid-
erably in all investigations because
of creep and shrinkage of the
concrete and relaxation of the steel.
F.9 Results from Pull-Out Tests
The bond-slip relationships of
three sets of pull-out tests cast in
connection with those beams in which
the strand was placed 2 in. from
the bottom are presented in Figure
F.13. Since the concrete strength
and the curing conditions were prac-
tically identical for all three sets
of test specimens, an average unit
bond-slip relationship (Figure F.14)
was used as a basis for the analyti-
cal method, described in Section
13.3, to determine the anchorage
length and the end slip of strand in
the beams PBB-1 through PBB-3.
F.10 Conclusions
The following may be concluded
from the results of five prestressed-
beam tests described in this section:
(A) The anchorage length of
clean seven-wire (round wire) 7/16-
in. strand, prestressed to approxi-
mately 165 ksi and placed no more
than 2 in. above the bottom of the
beams with respect to the direction
of casting, was found to be, on the
average, 25 in. or equal to 57 nomi-
nal strand diameters. This value was
obtained by releasing the prestress
at a relatively slow rate. The con-
crete strength was roughly 5,600 psi.
The age of the concrete at the time
of transfer was nine days.
(B) The anchorage length of the
same strand and measured under iden-
tical conditions was found to be, on
the average, 32 in. or equal to 73
strand diameters when placed 10 in.
above the bottom of the beam with
respect to the direction of casting.
(C) The anchorage length and
the end slip of the strand did not
increase with time during a period
of 35 days. During the observation
period the effective prestress de-
creased by approximately 8 percent.
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